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Abstract 


Radar  development  over  the  past  fifty  years  has  focused  on  two  primary  radar 
technologies:  monostatic  and  bistatic.  Traditionally,  monostatic  radars  perform  as  the 
sensor  backbone  of  modem  offensive  and  defensive  weapons  systems  and  signature 
collection  methods.  While  predominant,  the  monostatic  scenario  is  less  general  than  the 
bistatic  and  therefore  is  seen  as  more  restrictive.  This  restriction  prevents  engineers  from 
exploiting  bistatic’s  numerous  advantages,  however,  it  does  provide  a  welcome 
simplification  to  the  vastly  more  complex  bistatic  situation.  The  shear  volume  of  data 
generated  during  a  bistatic  engagement  or  measurement  scenario  imposed  severe 
limitations  on  its  utility.  Recent  technological  advances,  however,  have  made  the 
immense  data  load  more  manageable,  so  the  opportunity  to  exploit  bistatic’s  inherent 
geometric  flexibility  is  becoming  more  plausible.  From  an  operational  perspective, 
development  of  large  sensor  arrays  which  support  numerous,  distributed  passive  and 
active  elements  is  more  feasible.  From  a  signature  analysis  perspective,  an  expanded 
feature  set  incorporating  bistatic  data  may  lead  to  more  robust  target  identification 
models.  The  motivation  for  this  project  is  in  support  of  this  later  application. 

This  work  focuses  on  the  bistatic  nature  of  complex  objects.  To  fully  exploit  bistatic’s 
advantages  requires  a  better  understanding  of  bistatic  scattering  mechanisms  and  the 
available  tools  which  support  bistatic  signature  prediction  and  analysis.  Without  such  a 
proper  understanding,  exploitation  of  bistatic’s  key  benefits  may  not  be  fully  realized. 

First  this  paper  addresses  some  phenomenological  aspects  of  bistatic  scattering  from 
several  simple  and  complex  objects  with  an  emphasis  on  the  delineation  between  specular 
and  non-specular  effects.  It  attempts  to  accomplish  two  goals:  1)  to  evaluate  the  bistatic 
prediction  performance  of  Xpatch2.4d  and  2)  assess  the  accuracy  of  Kell’s  and  Crispin’s 
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monostatic-to-bistatic  equivalence  theorems.  In  doing  so,  some  phenomenological 
aspects  of  bistatic  scattering  analysis  are  reviewed  and  some  rules  of  thumb  for  bistatic 
signature  analysis  proposed. 

A  flat  plate  (Object  A)  and  two  canonically-based  complex  geometries  (Object  B  & 
C)  are  chosen  for  testing.  One  of  the  complex  objects  has  a  significant  shadowing  and 
cavity  feature  (Object  B)  which  are  not  present  on  the  other  (Object  C)  The  European 
Joint  Research  Center  (JRC)  and  Mission  Research  Corporation  (MRC)  provide 
monostatic  and  bistatic  measurement  data  between  7-15  GHz  and  Xpatch  generates 
simulation  data  for  comparison.  The  flat  plate  is  illuminated  broadside  to  produce  strong 
specular  and  diffraction  effects  and  the  two  complex  objects  are  illuminated  off-axis  to 
produce  specular,  multi-bounce,  and  surface  wave  phenomena.  Ray  tracing,  modal 
analysis,  and  data  averaging  are  used  to  help  describe  the  bistatic  signatures.  Original 
Matlab  script  and  function  files  format,  manipulate,  and  display  the  required  information. 

Conclusions  can  be  summarized  in  two  sections,  one  describing  the  Xpatch  analysis, 
the  other  pertaining  to  Kell’s  and  Crispin’s  equivalence  theorems. 

Upon  comparison  of  the  Xpatch  and  measured  data  for  the  flat  plate,  one 
immediately  notices  a  large  discontinuity  in  the  Xpatch  predictions  at  edge-on  receiver 
look  angles.  This  indicates  a  problem  in  the  Xpatch  prediction  engine  and  is  probably 
due  to  limitations  in  the  technique  used  to  implement  the  PO/PTD  solution.  Although 
Xpatch  is  designed  to  predict  scattering  from  electrically  large  objects,  Xpatch  data  for 
Object  C  yields  surprising  correlation  to  the  measured  data  despite  its  apparent  small  size. 
Specular  reflections  dominate  its  bistatic  signature  and  this  observation  becomes  one  of 
the  key  findings.  When  the  other  complex  geometry  is  studied,  one  finds  that  its  large 


shadowing  feature  allows  non-specular  effects  of  similar  magnitude  to  arise  and  help 
form  the  signature  structure.  Xpatch  prediction  correlation  subsequently  diminishes  for 
this  object  because  it  does  not  predict  non-specular  effects.  One  also  notices  that  Xpatch 
data  tends  to  be  shifted  or  skewed  slightly  toward  larger  bistatic  angles.  The  reason  for 
this  remains  uncertain,  although 

Kell’s  and  Crispin’s  monostatic-to-bistatic  equivalence  theorems  (MBETs)  are 
reviewed  in  a  similar  fashion.  MBET  signatures  are  extracted  from  monostatic  measured 
data  and  compared  to  measured  bistatic  data  in  their  raw  form,  after  a  5  degree  sliding 
average  window  has  been  applied,  and  after  a  9  degree  sliding  average  window  has  been 
applied.  The  averaging  is  expected  to  improve  the  performance  of  the  MBETs,  but  this  is 
not  always  the  case. 

The  geometric  complexity  of  the  object  determines  which  scattering  mechanisms 
dominate  the  scattered  field,  and  it  is  this  characteristic  which  dictates  the 
appropriateness  of  the  MBET  prediction.  Both  MBETs  predict  purely  specular  activity 
from  the  flat  plate  {simple  object)  fairly  well  for  bistatic  angles  less  than  30-40  degrees, 
but  the  dual  specular  scattering  of  Object  C  {minimally  complex  object)  decreases  MBET 
performance  to  bistatic  angles  of  15-20  degrees,  and  the  specular/non-specular 
interactions  of  Object  B  {rigorously  complex  object)  make  the  MBETs  useful  for  bistatic 
angles  of  only  5-10  degrees.  MBET  predictions  at  larger  bistatic  angles  tend  to  be  lower 
than  measured  data  for  the  minimally  complex  object  and  higher  than  measured  for  the 
rigorously  complex  object.  The  discrepancies  are  primarily  due  to  the  changing  nature  of 
the  scattering  centers  as  a  function  of  bistatic  angle.  Geometries  which  support  wide 
lobewidth  specular  reflections  exhibit  less  variation  in  the  nature/existence  of  the 
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scattering  centers  than  those  who  support  specular  and  non-specular  effects,  thus  leading 
to  better  correlation  between  MBET  and  measured  RCS.  Averaging  improves  MBET 
correlation  noticeably  for  the  specular  reflection  of  the  flat  plate,  minimally  for  Object 
C’s  dual  specular  reflections,  and  not  at  all  for  Object  B’s  specular/non-specular 
signature.  Kell’s  MBET  is  slightly  better  at  predicting  the  amplitude  of  diffraction 
components  from  a  simple  shape,  but  neither  has  the  advantage  when  predicting 
scattering  from  the  complex  objects.  Kell’s  formula  also  requires  a  larger  monostatic 
data  set  than  Crispin’s  to  predict  the  same  angular  extent  of  bistatic  RCS  and  suffers  from 
a  degradation  in  angular  resolution  near  the  transmitter  illumination  angle. 
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BISTATIC  RADAR  CROSS  SECTION  (RCS)  CHARACTERIZATION 

OF  COMPLEX  OBJECTS 

I.  Introduction 

Radar  development  over  the  past  fifty  years  has  focused  on  two  primary  radar 
technologies:  monostatic  and  bistatic.  Monostatic  refers  to  a  radar  configuration  in  which 
the  transmit  and  receive  antennas  are  co-located  if  not  physically  one  in  the  while  the 
bistatic  situation  places  no  restriction  on  the  placement  of  either  antenna  in  relation  to 
each  other  or  the  target  (Fig.  1).  Traditionally,  monostatic  development  has  far  surpassed 
that  of  bistatic,  monostatic  radars  perform  as  the  sensor  backbone  of  modem  offensive 
and  defensive  weapons  systems  and  signature  collection  methods.  While  predominant, 
the  monostatic  scenario  is  less  general  than  the  bistatic  and  therefore  is  seen  as  more 
restrictive.  This  restriction  prevents  engineers  from  exploiting  bistatic’s  inherent 
advantages  such  as,  glint  reduction,  clutter  timing,  radar  cross  section  (RCS) 


Figure  2:  Monostatic  vs.  Bistatic  Geometry 
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enhancement,  improved  semi-active  seeker  accuracy,  covert  operations,  counter-ARM, 
and  counter  retro-directive  jamming  [10].  Yet  the  bistatic  engagement  or  collection 
scenario’s  overwhelming  complexity  and  immense  data  processing  requirement  have 
imposed  severe  limitations  on  its  utility.  Relegating  analysis  to  the  monostatic  domain 
does  provide  a  welcome  simplification,  however,  and  most  radar  development  has 
occurred  within  this  context  since  World  War  II.  Recent  technological  advances, 
however,  have  made  the  immense  data  load  more  manageable,  so  the  opportunity  to 
exploit  bistatic’s  inherent  geometric  flexibility  is  becoming  more  plausible.  Dramatic 
increases  in  computer  throughput,  advanced  algorithm  development,  software  efficiency 
enhancements,  and  cost  reductions  have  played  a  major  role  in  making  this  technology  a 
viable  alternative.  From  an  operational  perspective,  large  sensor  arrays  which  support 
numerous,  distributed  passive  and  active  elements  are  more  feasible.  From  a  signature 
analysis  perspective,  an  expanded  feature  set  incorporating  bistatic  data  may  lead  to  more 
robust  target  identification  models.  The  motivation  for  this  project  is  primarily  in  support 
of  this  later  application,  but  the  data  presented  herein  may  find  some  utility  in  the  former. 

This  work  focuses  on  the  bistatic  signature  nature  of  complex  objects.  To  fully 
exploit  bistatic’s  advantages  requires  a  better  understanding  of  bistatic  scattering 
mechanisms  and  the  available  tools  which  support  bistatic  signature  prediction  and 
analysis.  Without  such  a  proper  understanding,  exploitation  of  bistatic’s  key  benefits  may 
not  be  fully  realized.  The  scattering  mechanisms  which  interact  to  form  an  object’s  far 
field  signature  pertain  to  both  monostatic  and  bistatic  situations.  However,  whereas  the 
monostatic  pattern  is  usually  dominated  by  specular  returns,  the  bistatic  can  be  dominated 
by  non-specular  ones.  The  vast  array  of  computational  methods  which  predict  these 
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mechanisms  can  predict  signatures  from  numerous  perspectives,  but  some  don’t  predict 
the  non-specular  mechanisms  well,  if  at  all,  leading  to  a  possible  misapplication  of  the 
method  in  certain  bistatic  situations.  Just  as  radar  development  has  been  accomplished 
under  a  primarily  monostatic  paradigm,  so  too  has  signature  analysis.  Any  proper 
treatment  of  bistatics  must  begin  with  a  good  understanding  of  1)  the  scattering 
mechanisms  in  the  bistatic  arena  and  2)  an  understanding  of  the  bistatic  limitations  within 
the  chosen  prediction  code  or  method. 

Most  computational  electromagnetic  codes  find  their  roots  in  theory  applicable  to 
both  monostatic  and  bistatic  situations,  but  as  is  typical  not  all  codes  are  created  equal. 
Some  offer  a  more  rigorous  treatment  to  signature  development  at  the  cost  of  a  high 
computational  burden,  but  from  a  bistatic  perspective  this  may  be  warranted,  especially 
for  complex  objects.  Usually  a  code’s  validity  is  in  part,  established  by  its  performance 
compared  against  measured  data.  While  monostatic  data  is  plentiful  for  comparative 
purposes,  true  bistatic  data  is  rare  and  evaluations  of  a  code’s  bistatic  predictive  prowess 
are  few  and  far  between.  Equally  as  rare  are  evaluations  of  the  utility  and 
appropriateness  of  several  common  monostatic-to-bistatic  equivalence  theorems 
(MBETs).  Despite  the  plethora  of  advanced  prediction  methods,  typically  a  simpler, 
faster  solution  is  more  desirable,  especially  if  there  is  a  minimum  loss  of  information, 
accuracy,  or  precision.  Both  the  MBETs  and  the  US  Air  Force’s  high-frequency  code, 
Xpatch  2.4d,  offer  this  quicker,  simpler  prediction  option,  but  their  limitations  need  to  be 
quantified. 

Problem  Statement:  This  paper  addresses  three  basic  issues:  1)  it  explores  the 
phenomenological  aspects  of  bistatic  scattering  from  several  simple  and  complex  objects 
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with  an  emphasis  on  the  delineation  between  specular  and  non-specular  effects,  2)  it 
appraises  the  effectiveness  and  utility  of  the  monostatic-to-bistatic  equivalence  theorems 
for  predicting  the  signatures  of  complex  objects,  and  3)  it  evaluates  the  accuracy  of  the 
bistatic  signature  prediction  for  a  popular  commercial  scattering  code,  Xpatch  v2.4d.  In 
conclusion  some  rules  of  thumb  are  proposed  to  help  guide  the  reader  in  evaluating  the 
bistatic  RCS  of  complex  shapes  in  general 

To  achieve  this  end  three  test  objects  (Fig.  2)  are  studied  through  computation  and 
direct  measurement  of  the  RCS.  The  SLICY  targets  are  derivatives  of  the  SLICY  model 


Object  A: 

Flat  Plate  Object  B:  Object  C: 


SLICY  SLICY 

Target  1  Target  2 

Figure  2:  Test  objects 

investigated  in  [11],  and  all  targets  are  chosen  for  their  ability  to  highlight  certain 
scattering  mechanisms  as  well  as  similarity  to  previously  investigated  and  well 
documented  objects.  Direct  monostatic  and  bistatic  measurements  of  each  object  at 
several  frequencies  are  compared  to  Xpatch  predictions.  Xpatch  does  an  excellent  job  of 
predicting  specular  returns,  even  from  complex  geometries.  However,  one  clearly  sees 
through  the  analysis  in  Section  IV  that  Xpatch  2.4d  has  difficulty  in  predicting  edge 
diffraction  and  surface  wave  phenomena  from  a  bistatic  perspective.  The  bistatic 
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signature  may  be  dominated  by  these  effects  for  certain  observation  angles  and 
frequencies  leading  to  a  shortfalls  in  Xpatch’s  bistatic  computational  prowess.  This 
problem  (especially  the  surface  wave  difficulties)  is  somewhat  mitigated  by  an 
understanding  of  Xpatch’s  limitation  as  a  high  frequency  code  and  an  appropriate 
utilization  of  the  software  within  that  context.  However,  the  strong  discontinuities 
apparent  in  a  flat  plate’s  bistatic  signature  pattern  cannot  be  easily  resolved,  leading  one 
to  question  not  only  theoretical  basis  of  the  software,  but  also  its  implementation  within 
the  code. 

The  bistatic  signature  as  predicted  by  two  common  MBETs  from  monostatic 
measured  data  are  also  compared  against  the  true  measured  data  set.  The  geometric 
complexity  of  the  object  is  related  to  the  dominant  scattering  mechanisms  and  this 
characteristic  dictates  the  suitability  of  the  MBET.  Both  Kell’s  and  Crispin’s  MBETs 
predict  specular  scattering  from  simple  objects  (e.g.  flat  plate)  fairly  well  for  bistatic 
angles  of  approximately  30-40  degrees.  Kell’s  performs  slightly  better  on  average  than 
Crispin’s  for  regions  in  which  diffraction  scattering  is  noticeable  (larger  bistatic  angles) 
by  1-3  dBsm  for  this  simple  target.  For  complex  geometries  neither  MBET  is 
particularly  suitable  for  bistatic  angles  beyond  15-20  degrees.  Again,  targets  whose 
monostatic  signature  is  primarily  dominated  by  direct  specular  reflections  tend  to  produce 
bistatic  signatures  which  correlate  better  with  those  predicted  by  either  of  the  MBETs. 
MBET  predictions  at  bistatic  angles  greater  than  15°  tend  to  be  lower  than  measured  data 
in  this  case.  Once  surface  waves,  multi-bounce  reflections,  and/or  shadowing  effects  are 
introduced,  the  MBET  correlation  decreases  substantially  for  even  smaller  bistatic  angles 
(5-10  degrees).  Predictions  for  larger  bistatic  angles  tend  to  higher  than  measured  in  this 
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instance.  The  discrepancies  are  primarily  due  to  the  changing  nature  of  the  scattering 
centers  as  a  function  of  bistatic  angle.  Geometries  which  support  mostly  specular 
reflections  exhibit  less  variation  in  the  nature/existence  of  the  scattering  centers  than 
those  who  support  specular  and  non-specular  effects,  thus  leading  to  better  correlation 
between  MBET  RCS  and  measured  RCS  for  the  former.  One  should  also  note  the 
practical  limitation  of  Kell’s  formula.  The  frequency  shift  necessitates  collection  of  data 
with  roughly  twice  the  angular  resolution  as  that  required  by  Crispin’s  to  maintain  the 
same  average  performance.  Kell’s  prediction  also  incorporates  an  unavoidable 
degradation  in  angular  resolution  for  small  bistatic  angles,  which  is  not  present  in 
Crispin’s.  These  limitations  may  themselves  preclude  use  of  Kell’s  formula  for  smaller 
data  sets  of  courser  angular  resolution. 

Providing  an  adequate  explanation  of  the  results  demands  familiarity  with  not  only 
the  data  itself  but  the  data  collection  methods  and  the  theoretical  basis  upon  which  the 
methods  are  founded.  The  next  section  addresses  these  issues.  Section  II  begins  with  a 
review  of  scattering  physics,  the  computational  methods  for  describing  the  physics,  and 
implementation  of  the  computational  method  within  the  Xpatch  code.  It  concludes  with  a 
review  of  the  measured  data’s  collection  process  to  provide  an  intuitive  sense  of  the 
data’s  quality.  A  short  description  of  the  measurement  facilities  and  a  review  of 
calibration  procedures  are  included. 
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II.  Background 


Radar  Cross  Section: 


For  the  radar  engineer  ,  it  is  convenient  to  describe  the  RF  field  energy  scattered 
by  an  object  by  some  normalized  quantity,  which  is  independent  of  the  illuminating 
source’s  field  strength  and  the  distance  between  the  object  and  this  source.  Typically  this 
quantity  describes  the  scattered  energy  in  an  isotropic,  homogenous  medium  far  from  the 
field’s  originating  source  (far  field)  and  is  dubbed  the  radar  cross  section  (RCS). 
Formally,  RCS  is  defined  as  the  equivalent  aperture  surface  area  which  would  radiate  an 
equal  amount  of  power  being  received  at  the  receiver  if  it  were  to  radiate  isotropically.  In 
general  it’s  dependent  on  the  incident  radiation’s  frequency  and  polarization  and  the 
target’s  physical  size,  orientation  with  respect  to  the  illuminating  radar,  and  constituent 
materials.  For  the  bistatic  situation,  the  requirement  for  the  target’s  orientation  expands 
to  include  relativity  to  both  the  transmitting  and  receiving  antennas.  The  RCS  represents 
an  equivalent  aperture  surface  area  of  the  target,  which  captures  a  certain  amount  of 
incident  radiation,  and  which,  if  re-radiated  isotropically,  would  produce  an  equivalent 
scattered  field  at  the  receiver.  Mathematically,  the  RCS  can  be  defined  as: 


or, 


where: 


cr  =  lim  4  xR2 

R->co 


(1) 


cr  =  lim  4xR2 

/?— >co 


(2) 


ct  =  RCS 

R  =  distance  from  radiation  source  (typically  observer’s  location) 
to  object  (typically  the  origin  of  the  geometric  coordinate  system) 
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Es  =  scattered  electric  field 
Ej  =  incident  electric  field 
Hs  =  scattered  magnetic  field 
Hi  =  incident  magnetic  field 

Immediatley  one  notices  the  unrealistic  expectation  in  (1)  and  (2)  that  the  distance 
between  the  radiation  source  and  target  should  approach  infinity.  However  for  all 
practical  purposes  it  only  need  be  greater  than  the  far  field  requirement.  This  requirment 
is  derived  from  the  necessity  of  approximating  what  is  in  reality  a  spherical  incident  field 
(indicated  by  the  47iR  in  the  equations)  by  an  assumed  planar  incident  field.  Although  it 
can  be  arbitrarily  chosen,  in  most  cases  this  distance,  R,  is  determined  by  the  incident 
wavelenght,  X,  and  largest  target  dimension  orthogonal  to  the  incendent  radiation 
direction,  d,  by: 

1  (3) 

X 


This  requirement  establishes  a  one  way  phase  error  between  scattering  centers  of  tt/8 
attributable  to  the  spherical  nature  of  the  incident  field.  It  results  in  a  maximum  error  of 
1  dB  in  the  RCS  amplitude  computation  due  soley  to  this  field  taper. 

Expanding  the  scattered  electric  or  magnetic  field  vector  of  (1)  and  (2)  into  its  integral 
representaion  yields  (4)  and  (5)  [6:16], 


1  I  pnk°R  ( p'k°R  \ 


V  *  J 


iS  (4) 


JIM 


few\ 


Hs  = ' ~  iKY(n x E )*—  ~{nxH)x  - (n  ■  H)v\ 


( eKR  \ 


v  R  y 


(5) 


where, 


Z  =  1/Y 

6—  relative  permativity 

p  =  relative  permability 

k0  =  free  space  wavenumber,  2n/X0 

X0  =  free  space  wavelength 

E  =  electric  field  at  object  surface 

H  =  magnetic  field  at  object  surface 

R  =  distance  from  target  surface  to  observer 

Notice  (4)  and  (5)  are  analogous  field  expressions  linked  through  the  duality 
principle.  Insertion  of  (4)  into  (1)  and  (5)  into  (2)  is  seen  as  an  expanded  form  of  the 
general  RCS  prediction  equation  and  can  apply  equally  to  monostatic  and  bistatic 
situations.  However  solving  either  integral  can  prove  impractical  in  many  instances  and 
therefore,  approximations  to  the  scattering  solution  are  more  useful.  Those 
approximations  which  lend  themselves  to  the  same  generality  of  geometry  (i.e.  applicable 
to  monostatic  and  bistatic)  are  of  particular  concern  here,  but  before  embarking  upon  a 
discussion  of  computational  methods,  a  review  of  scattering  in  general  should  be 
ccomplished  to  facilitate  discussion  of  the  analyis  in  Section  IV. 

Basic  RF  Scattering  Regimes: 

Due  to  the  wave  nature  of  radiation,  metallic  objects  will  interact  more  or  less  with 
incident  radiation  based  on  the  physical  dimensions  of  the  object,  L,  in  relation  to  the 
incident  field  wavelength,  A.  This  relationship,  L/A,  is  refered  to  as  the  object’s 
“electrical  size,”  and  it  dictates  scattering  behavior  in  each  of  three  scattering  regimes  in 
which  the  scattering  mechanims  will  differ:  1)  the  Rayleigh  region,  2)  the  resonant 


9 


region,  and  3)  the  optical  region.  Each  regime  is  defined  by  the  incident  field’s  phase 
continuity  across  the  object’s  extent  as  follows.  Although  the  scattering  mechanisms 
which  arrise  in  each  of  the  regimes  are  normally  explored  from  a  monostatic  perspective, 
most  apply  equally  well  to  bistatic  situations.  [18]. 

Rayleigh  region  scattering  occurs  when  the  object’s  physical  dimensions  are  much 
less  than  a  wavelength,  and  arrises  from  the  fact  that  the  phase  front  of  the  impinging 
field  remains  relatively  constant  over  the  object’s  surface.  Signature  analysis  in  this 
region  can  be  accomplished  through  static  field  methods,  and,  in  general  RCS  amplitudes 
are  inversely  proportional  to  fourth  power  of  the  wavelength.  However,  because  most 
objects  of  practial  importance  are  much  larger  than  the  incident  field  wavelength, 
resonant  and  optical  scattering  are  of  greater  concern  [18]. 

Resonant  region  scattering  occurs  for  1  <=  L IX  <=10  where  the  incident  phase  front 
across  the  object’s  surface  begins  to  vary  substantially.  This  leads  to  greater  interaction 
between  the  object  and  the  wavefront  producing  two  classes  of  scattering  mechanisms: 
optical  and  surface  wave  effects.  Optical  effects  are  characterized  by  reflections  which 
occur  in  a  direction  equal  to  the  angle  of  incidence  as  measured  from  an  outward  pointing 
surface  normal  at  the  point  of  reflection.  Surface  waves  exist  when  EM  energy  stays 
attached  to  the  object’s  surface  and  arrise  when  the  incident  E-field  is  contained  within 
the  plane  of  incidence  (see  Fig  3).  The  plane  of  incidence  is  defined  as  a  plane 
containing  the  outward  pointing  surface  normal  and  the  direction  vector  of  the  incident 
radiation.  Surface  waves  are  classified  in  one  of  three  ways:  traveling  waves,  creeping 
waves,  or  edge  traveling  waves  [18].  Traveling  and  creeping  waves  are  essentially  the 
same  beast  albeit  the  former  exists  in  illunimated  regions  while  the  later  only  exists  in 
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shadowed  regions.  The  illuminating  wavefront  tends  to  add  contructively  to  the  traveling 
wave  as  it  traverses  the  object’s  surface,  amplifying  it  as  it  goes,  while  the  creeping  wave 
dies  off  as  it  travels,  having  no  source  energy  to  recusitate  it.  Each  of  these  waves  are 
spawned  from  currents  which  travel  along  a  surface  radiating  small  amounts  of  energy  as 
they  go.  When  some  surface  discontinuiuty  is  encountered  (edge,  gap,  small  change  in 
the  surface  radius  of  curvature,  etc.)  stronger  pertubations  cause  more  energy  to  be 
radiated  as  scattered  fields.  Surface  wave  scattering  is  independent  of  an  object’s  size 
and  tends  to  be  proportional  to  X2.  Small  surface  geometries  don’t  contribute  markedly  to 
the  overall  RCS,  but  multiple  reflections  within  an  object’s  geometry  are  of  particular 
concern  because  of  the  significance  of  the  surface  wave  effect.  Although  they  do  exist  at 
higher  frequencies,  their  contribution  to  the  overall  RCS  signature  diminishes  as  one 
approaches  the  optical  region  [17,18]. 


Figure  3:  Plane  of  Incidence 


Optical  region  scattering  occurs  for  geometries  greater  than  10X  in  extent.  The 
totality  of  the  scattered  signature  can  now  be  thought  of  as  having  arrisen  from  the  phasor 
interactions  between  a  collection  of  independent  scattering  elements  (scatteimg  centers). 
The  term  ray  optical  is  often  used  to  describe  the  behavior  of  incident  and  scatterd  fields 
as  if  they  were  individual  rays  of  energy.  While  a  more  thorough  discussion  of 
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scattering  centers  and  ray  optical  behavior  is  covered  later  in  this  chapter,  scattered 
energy  in  this  regime  can  be  classified  as  one  of  four  types  [18]: 

Specular  scattering:  This  type  of  scattering  is  the  optical  mechanism  described 
before.  It  is  characterized  by  a  large  reflection  which  occurs  in  a  direction  equal 
to  the  angle  of  incidence  as  measured  from  an  outward  pointing  surface  normal  at 
the  point  of  reflection.  The  lobe  width  of  the  reflection  spike  is  related  to  the 
electrical  size  of  the  reflecting  surface,  but  it  tyically  exists  only  over  a  narrow 
angular  extent.  The  aformentioned  geometry  describes  the  general  bistatic 
situation,  but  the  more  common  monostatic  exists  if  the  angle  of  incidence  is  zero 
degrees.  The  amplitudes  of  the  monostatic  and  bistatic  specular  spikes  are 
roughly  the  same,  yet,  the  lobe  widths  of  specular  spikes  viewed  from  a  bistatic 
perspective  can  be  double  that  from  the  corresponding  monostatic  direction. 
Specular  returns  will  be  among  the  largest  contributors  to  localized  signature 
levels  for  many  objects. 

End  region  scattering:  Scattering  derived  from  end  regions  of  fintie  objects  and 
is  responsible  for  the  sidelobe  structure  associated  with  specular  reflections  [18]. 
Again  ,  amplitude  levels  between  bistatic  and  monostatic  are  roughly  the  same, 
but  the  lobing/nulling  structure  can  differ.  The  envelpe  of  the  lobing  amplitudes 
decreases  away  from  specular  directions  for  both  situations. 

Diffraction:  End  region  scattering  in  the  specular  direction  due  to  edge-induced 
currents  along  physical  edges  [18].  The  orientaion  of  the  E-field  (polarization)  in 
relation  to  the  edge  determines  if  the  diffraction  occurs  from  a  leading  or  trailing 
edge.  E-fields  aligned  parallel  to  an  edge  cause  leading  edge  diffraction  while  E- 
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fields  aligned  perpendicualr  to  an  edge  tend  to  cause  trailing  edge  diffraction. 
Trailing  edge  diffraction  originates  from  surface  waves  which,  when  encountering 
a  edge,  produce  the  diffraction.  Edge  diffraction  is  characterized  by  a  fairly  wide 
angular  distribution  similar  to  the  scattering  from  a  dipole  antenna.  As  a  result 
diffraction  may  be  more  prevalent  in  certain  bistatic  situations  than  in  similarly 
configured  monostatic  ones  because  larger  scattering  source  (e.g.  specular)  are 
more  likely  to  dominate  from  a  monostatic  perspective. 

Multi-bounce:  Usually  described  as  specular  scattering  which  occurs  between 
several  surface  elements  before  being  re-radiated  back  to  the  receiver.  This  type 
of  scattering  can  be  the  largest  contributor  to  any  monostatic  signature  level  for 
certain  geometries  such  as  dihedrals  and  trihedrals.  For  cavities,  monostatic 
multi-bounce  RCS  tends  to  have  a  lower  overall  amplitude,  but  a  greater  angular 
extent  than  a  pure  specular  from  a  flat  plate  of  similar  size  to  the  cavity  opening. 
However,  the  specular  return  from  these  re-entrant  geometries  is  centered  about 
the  illumination  direction,  and  therefore  become  insignificant  contibutors  to  the 
RCS  at  large  bistatic  angles.  This  phenomena  can  also  arrise  from  surface  wave 
reflections  interacting  between  surface  features,  and  although  they  are  of  a  lower 
amplitude  than  the  specular  brethren,  this  type  of  multi-bounce  may  be  more 
noticeable  from  a  bistatic  perspective. 

Whenever  present,  specular  and  muti-bounce  scattering  dominate  the  monostatic 
RCS.  Although  highly  dependent  on  object  geometry  and  orientation,  in  general, 
whenever  the  monostatic  is  dominated  by  these  mechanisms,  the  bistatic  signature  tends 
not  to  be  (and  vice-versa).  This  holds  significant  implications  for  low  observable  objects 
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(e.g.  ogive).  Current  low  observable  absorption  technologies  reduce  surface  wave 
phenomena  to  effectively  minimize  this  RCS  contribution  from  either  perspective.  But 
shaping  techniques  are  primarily  designed  to  reduce  the  monostatic  signature.  These 
same  techniques  may  exaserbate  the  bistatic  signature  by  deflecting  reflected  energy 
away  from  illumination  soure  (at  some  bistatic  angle).  This  necessarily  indicates  a 
dependence  of  a  bistatic  signature  on  the  bistatic  angle  itself  while  implying  a  certain 
relationship  between  monostatic  and  bistatic  RCS.  Because  this  thesis  both  of  these,  its 
convinent  to  group  bistatic  signature  levels  into  regimes  based  on  their  relation  to  the 
bistatic  angle.  A  brief  desciption  of  three  common  bistatic  angle  regimes  is  described 
below.  The  extent  of  each  will  of  course  be  interrelated  with  the  others  and  be  highly 
dependent  on  the  target’s  electrical  size. 

Bistatic  Regimes: 

An  object’s  electrical  size  plays  a  critcal  role  in  establishing  the  extent  of  each  bistatic 
regime.  As  previously  mentioned,  when  LA  is  large  (optical  scattering),  specular  and 
multi-bounce  spikes  dominate  the  monostatic  signature,  and  because  of  the  small  angular 
width  of  each  spike,  should  dominate  the  bistatic  return  for  small  bistatic  angles. 
Differences  between  the  monostatic  and  bistatic  RCS  can  arise  from  one  of  three  sources: 
1)  phase  differences  among  scattering  centers,  2)  radiative  changes  from  scattering 
centers  and/or  3)  changes  in  the  nature  or  existence  of  scattering  centers  themselves  [14]. 
In  the  resonant  region,  scattering  center  analysis  no  longer  applies,  and  there  may  be  less 
association  between  the  monostatic  and  bistatic  RCS.  Because  optical  and  resonant 
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region  scattering  are  of  primary  concern,  the  following  discussion  pertains  to  objects  of 
sufficient  electrical  size  to  fall  within  these  regions. 

Pseudomonostatic  RCS  Region:  This  regime  is  characterized  by  a  high  degree  of 
correlation  between  the  monostatic  and  bistatic  signature  levels  for  optical  region 
scattering  [31].  This  correlation  allows  one  to  essentially  compute  the  bistatic 
RCS  from  monostatic  RCS  through  one  of  two  common  monostatic-to-bistatic 
equivalence  theorems  (MBET).  A  complete  review  of  each  MBET  is 
accomplished  in  the  High-Frequency  Computational  Methods  section  of  this 
chapter.  This  region  exists  for  decreasingly  smaller  bistatic  angles  with 
increasingly  complex  object  geometry.  It  also  exists  to  a  lesser  extent  as  the  RCS 
becomes  influenced  by  resonant  region  scattering.  Quantifying  the  degree  to 
which  the  MBETs  remain  accurate  (and  thus  establishing  an  implicit  measure  of 
the  existence  of  this  region)  is  one  goal  of  this  work  to  be  accomplished  in 
Section  IV. 

Bistatic  RCS  Region:  In  this  region  the  bistatic  signature  is  independent  of  the 
monostatic  for  similar  illumination  angles,  target  orientations,  polarizations,  etc. 
When  optical  scattering  dominates,  the  nature  of  scattering  centers  themselves 
causes  the  divergence  between  monostatic  and  bistatic  as  a  result  of  one  of  the 
three  the  aforementioned  sources.  The  first  source  provides  fluctuations  in  the 
monostatic  RCS  as  a  function  of  aspect  angle,  but  in  this  region,  similar  bistatic 
RCS  fluctuations  are  caused  by  changes  in  the  bistatic  angle  itself.  The  second 
source  occurs  for  bistatic  receiver  positions  just  outside  the  main  lobe  spike  from 
multi-bounce  reflections.  The  third  source  usually  arises  when  shadowing  of 
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surface  features  occurs  as  viewed  from  a  bistatic  receiver  position.  In  general,  the 
bistatic  signature  will  be  lower  than  the  monostatic  [31].  However,  as  mentioned 
before,  exceptions  exist  for  target  geometries  which  produce  large  specular 
returns  at  certain  bistatic  angles  and  for  low  observable  targets  near  the  resonance 
region.  Larger  bistatic  returns  may  also  be  prevalent  in  certain  shadowing 
situations.  The  analytical  focus  of  this  thesis  lies  in  the  pseudomonostatic  and 
bistatic  regions  for  bistatic  angles  less  than  approximately  90-110  degrees. 
However,  one  more  region  can  be  identified  for  larger  bistatic  angles. 

Forward  Scatter  Region:  As  the  bistatic  angle  approaches  180  degrees  a  new 
region  of  enhanced  scattering  is  encountered.  Crispin  and  Seigel  showed  that  in 
the  optical  region,  the  bistatic  RCS  amplitude  approaches  the  physical  optics  (PO) 
approximation  of  a  flat  plate  of  similar  size  to  the  object’s  shadow  region  area 
projected  in  the  forward  direction  [8,31].  Babinet’s  principle  provides  a 
reasonable  explanation  for  this  phenomena.  Willis  describes  it  this  way: 

“..Babinet’s principle  as  used  in  optics  states  that  1)  two  diffraction  screens  are 
complimentary  if  the  clear  regions  of  the  first  are  opaque  (shadow)  regions  of  the 
second  and  vice  versa  and  2)  when  the  two  complimentary  screens  are 
illuminated  by  a  [plane  wave]  source,  the  fields  produced  on  the  other  side  of  the 
screens  add  to  give  a  field  that  would  be  produced  with  no  screens...  ” 

The  screens  must  be  planar  and  infintely  thin,  and  the  illumination  source  for  the 
second  screen  must  be  the  conjugate  source  (90  degrees  out  of  phase)  of  the  first. 
In  an  RF  application,  it  essentially  allows  one  to  demonstrate  that  the  radiation 
pattern  of  a  dipole  and  a  slot  are  identical  [31].  Although  further  investigation  of 
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the  forward  scatter  region  is  outside  the  scope  of  this  report,  this  brief  description 
is  included  for  completeness. 

The  preceding  discussion  brings  to  light  the  concept  of  predicting  RCS  amplitudes 
through  computational  approximations  (e.g.  the  PO  solution  as  proposed  by  Crispin  and 
Seigel).  A  more  thorough  treatment  of  common  computational  methods  is  now  presented 
to  familiarize  the  reader  with  the  techniques  utilized  in  the  analysis  section  (IV). 

High  Frequency  Computational  Methods: 

As  an  object’s  electrical  size  increases,  solving  for  the  scattered  fields  of  (4)  and  (5) 
becomes  more  intractable.  Solutions  derived  from  eigenfunction  and  Rayleigh’s  methods 
exhibit  poor  convergence  properties  [19].  Even  with  the  use  of  high  speed  computers, 
solving  these  equations  with  a  method-of-moments  approximation  to  the  surface  currents 
from  which  they  arrise  can  be  prohibitively  time  consuming  for  all  but  the  simplest 
geometries.  With  this  in  mind  asymptotic,  high  frequency  methods  have  been  developed. 
Asymptotic  refers  to  a  solution  derived  from  an  approximation  in  which  some  parameter 
approaches  a  limiting  value.  For  scattering  analysis,  the  value  taken  to  a  limit  is  usually 
the  wavenumber,  k,  which  translates  to  a  very  large  (or  infinite)  frequency  assumption. 
Fields  described  by  an  asymptotic  expansion  of  the  frequency  characteristic  are 
commonly  referred  to  as  ray  optic.  Although  only  approximations,  many  of  these  high 
frequency  techniques  are  perfectly  adequate  for  most  situtations.  Some  of  the  more 
common  methods  germaine  to  this  thesis  are  presented  below. 
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Geometric  Optics  (GO): 

One  of  the  simplest  and  most  commonly  utilized  scattering  approximation  methods  is 
the  Geometric  Optics  (GO)  solution.  It  is  derived  from  an  application  of  Fermat’s 
principle  to  establish  the  direction  of  field  propogation  and  conservation  of  energy  to 
determine  the  field’s  intensity.  Figure  4  describes  the  geometry. 


Figure  4:  GO  Field  Propagation 

Fermat’s  priciple  states  that  light  rays  follows  a  path  from  point  PI  to  P2  which  takes 
the  least  amount  of  time  to  traverse  (thus  allowing  for  the  possibility  that  the  path  itself  is 
not  the  geometrically  shortest  one)  [12].  Mathmatically,  the  path  length  (OPL)  must 
satisfy  this  equation: 


P  2 

OPL  =  \nds  (6) 

p\ 

where  n  =  k/ko,  the  index  of  refraction.  Equation  (6)  can  also  be  expressed  in  terms  of  the 
eikonal  equation  [7]: 

|V  ^|2  =  n2  (7) 

which  essentially  determines  the  field’s  phase  behavior  (and  thus  direction). 
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For  convienience,  light  rays  can  be  bundled  into  astigmatic  ray  tubes  as  shown  in  Fig. 
4  and  treated  as  a  single  entity  for  the  field  amplitude  computations.  The  energy  flux  of 
the  field  must  remain  the  same  within  each  ray  tube  throughout  the  course  of 
propagation.  Taking  the  field  intensity  at  point  PI  to  be  Ao  and  P2  to  be  A  and  the 
cross  sectional  area  of  the  ray  tube  at  PI  to  be  da0  and  that  at  P2  to  be  dcr,  one  finds  in  an 
isotropic,  homogenous  media  that  [19]: 


A20da0  =  A2  da 


(8) 


The  ratio  of  the  cross  sectional  areas  to  the  fields’  radius  of  curvature  is  (Roi,  are 
principal  radii  of  curvature  at  point  PI;  Rj,  R2  are  principal  radii  of  curvature  at  point  P2: 


A  =  A 


R]R2 


(9) 


V  ^o\Ro2  and, therefore : 


d<?0 

da 


^1^2 

Rol^o2 


(10) 


One  can  also  show  that  the  Luneburg-Kline  expansion  to  Maxwell’s  equations  [19]: 


is: 


where: 


V2E  +  k2E  =  0  (Ha) 

V-E  =  0  (Hb) 

where  A:2  -co2 ns 


E(R,o))  =  e~JkMR)Yi 

m-0 


EAR) 

u»r 


(12) 


co  =  frequency 

k0  =  cd/c,  c  =  phase  velocity  in  free  space 

\j /  -  Equipotential  phase  surface  of  the  field  wavefront 
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Equation  (12)  can  also  be  written  in  the  asymptotic  limit  of  co  as: 


m  =  E.e-*r‘  <13> 

V  *ol*o2 

Equation  (13)  is  the  classical  GO  approximation.  Taking  note  of  the  similarity 
between  (13)  and  (9)  one  quickly  sees  the  conservation  of  energy  relation  within  the  GO 
approximation,  while  inspection  of  (13)  itself  reveals  that  GO  also  describes  the  correct 
path  upon  which  the  field  propogates.  One  can  further  refine  (13)  to  describe  the 
curvature  of  the  field  wavefront  at  P2  in  terms  of  the  reference  at  PI : 


E(r)  =  E0e~jk*v° 


_ P\Pl _ e~jks 

V  (A  +s)(.Pi  +iS) 


(14) 


For  a  smoothly  curved,  perfect  electrically  conducting  (PEC)  surface  the 
E0e~jkoVo  term  on  the  right  hand  side  of  the  equation  (14)  will  relate  the  directions  of  the 

incident  and  reflected  E  field.  The  reflected  field  at  the  surface,  E0re~JkaV  ,  is  equal  to  the 
inner  product  of  a  dyadic  reflection  coefficient  and  the  incident  field, 

[hh  -  bb]  ■  E0le~JkoV'  (b  is  a  unit  vector  tangent  to  the  surface  and  defined  as 

A  A  - /  - i 

b(b-E  )  =  -nx(nx  E  )).  The  dyadic  simplifies  to  a  (-1)  when  the  incident  field  is 
tangent  to  the  surface,  thus  making  the  GO  approximation  very  simple  to  compute  [19]. 
Note,  however,  that  the  GO  field  amplitudes  become  infinite  at  s  =  -pi  or  -p2  where  the 
rays  converge  in  either  dimension  at  positions  known  as  caustics.  Caustics  occur  near 
shadow  boundaries  and  for  backscatter  from  flat  surfaces.  This  translates  into  an  inability 
of  the  GO  method  to  predict  reflections  from  flat  surfaces  or  account  for  diffraction  into 
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shadow  regions,  and  is  seen  as  primary  limitation  to  the  technique.  Because  of  this, 
alternative  high  frequency  approximations  seek  to  improve  upon  its  accuracy. 

Physical  Optics  (PO): 

The  GO  fields  of  the  previous  section  may  be  related  to  currents  from  which  they 
arrise.  These  GO  currents  can  in  turn  be  used  in  an  exact  integral  representation  (similar 
to  (4)  or  (5))  of  the  scattered  field  in  an  approximation  known  as  the  Physical  Optics  (PO) 
approach.  Such  a  derivation  must  begin  by  relating  the  field  to  its  respective  source 
currents  through  (see  Fig.  5  for  geometry)  [19]: 


Es  =  -zgRx  Hs 

(15a) 

jj  -  ) 

U 

(15b) 

An  R  , 

U  =  Rx  \j(p)eJkpkdS 

s 

(15c) 

J(p)  =  hxH(p) 

(15d) 

where: 

J  =  surface  current 
U  =  vector  far  field  amplitutde 

H  =  total  magnetic  field 
R  =  distance  from  field  point  to  origin 

A 

R  =  unit  vector  in  direcion  of  scattering 
p  -  position  vector  from  origin  to  point  on  surface  S 
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Object  surface 


If  one  assumes  the  surface  to  be  an  infinite,  flat  PEC  the  current  in  (15d)  can  be  re¬ 
written  as  the  GO  current  (KirchofFs  approximation)  [7,19]: 


in  the  illuminated  region 
in  the  shadow  region 


(16) 


H  =  incident  magnetic  field 

In  this  approximation,  the  limitation  of  GO  in  predicting  backscatter  from  flat  surfaces  is 
overcome.  However,  the  GO  surface  current  near  an  edge  or  shadow  boundary  is  still 
inaccurate  and  in  general  the  PO  approximation  fails  the  reciprocity  test.  Consequently 
PO  cannot  adequately  account  for  diffraction  into  shadow  regions  nor  should  it  predict 
bistatic  scattering  away  from  specular  reflecions  very  well.  PO  cannot  capture  surface 
and  traveling  wave  phenomena,  a  primary  limitation  when  dealing  with  any  target  whose 
bistatic  scattered  field  can  be  dominated  by  such  surface  effects  (i.e.  an  ogive)  [16]. 
Despite  its  accuracy  for  speculars  and  ease  of  implementation,  PO  does  not  provide  any 
physical  insight  into  the  nature  of  the  scatterd  fields  themselves,  leading  to  difficulty  in 
assessing  when  it  does  and  doesn’t  work  correctly  [7,19]. 
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Physical  Theory  of  Diffraction  (PTD): 

Ufimstev  [18]  attempted  to  improve  upon  the  PO  solution  by  accounting  for 
diffraction  effects  through  specialized  coefficients  in  the  scattering  computation. 
Although  no  more  intuitive  than  PO,  physical  theory  of  diffraction  (PTD),  as  it  has  come 
to  be  called,  does  mitigate  PO’s  inability  to  account  for  edge  diffraction.  Ufimstev 
subtracted  the  PO  solution  from  an  exact  solution  to  the  two-dimensional  wedge  problem 
and  theorized  that  the  remainder  is  the  edge  diffraction  component.  Capturing  this 
diffraction  effect  within  a  specialized  set  of  diffraction  coefficients,  he  generalized  the 
PTD  solution  for  any  geometry.  The  coefficents  describe  the  diffraction  behavior  in  one 
of  three  regions  as  a  function  of  the  illumination  angle,  <f>j,  observation  angle,  <|>s,  and 
wedge  angle,  2%  -  a  (Fig  6).  Essentially  PTD  formulation  can  be  summarized  as 
follows.  The  scattered  E  and  H-fields  of  (15a)  and  (15b)  can  be  written  to  include 
diffraction  coefficients / and  g  [18]: 


Region  1: 
Upper  face  lit 


Region  2: 
Both  faces  lit 


Region  3: 
Lower  face  lit 


Figure  6:  Regions  of  Illumination  for  Wedge  Diffraction 

_  J(kr+, r/4) 

E  =  £./? 


yfliikr 


H  =H0g ■ 


_  i(kr+n  /  4) 


yflnkr 


(17) 


(18) 
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\X -Y)-{Xx-Yx)  0<^,  <<*-# 

f  =  <{X-Y)-{Xx-Yx)- (X2-Y2)  ct-n<k<n 
( X-Y)-(X2-Y2 )  ^<^<« 

'(Z  +  r)-(X,+F,)  0  <0(.<a-7T 

g  =  <(X  +  F)-(X,+F1)-(X2+F2;  a-n<(j)x  <n 
(X  +  Y)-(X2+Y2)  n<h<ct 

(1  / «)  sin(;r  / «) 


X  = _ _ — 

cos(n In)- cos[(^ 5  - </> i ) / «] 

(21) 

(l/«)sin(;r/«) 
cos(7r/ tt)-cos[(&  +  ^,)/  n] 

(22) 

Xx  =-^tan[&  -$)/2] 

(23) 

Yx  =  -itan[(^s  +^,)/2] 

(24) 

X2  =^tan[(&  -0,)/2] 

(25) 

F2=~tan^-(^+^)/2] 

(26) 

The  diffraction  coefficients  allow  the  scattered  field  computation  to  remain  finite,  even  in 
the  transition  regions  near  the  shadow  and  reflection  boundaries.  However,  because 
Ufimstev’ s  derivation  decends  from  a  two  dimensional  geometry ,  it  is  only  applicable  for 
diffraction  in  the  Keller  cone  direction  [18]. 

Mitzner  [18]  extended  PTD  to  arbitrary  directions  with  an  incremental  edge 
diffraction  coefficient  method  (ILDC).  His  implementation  assumes  that  diffraction  from 
an  edge  can  be  computed  by  integrating  over  the  illuminated  portion  of  that  edge  only 


(19) 


(20) 
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and  it  utilizes  a  dyadic  diffraction  coefficient  within  the  formal  expression.  The 
diffracted  component  of  the  scattered  E-field  in  (17)  now  becomes: 

i(kr-7tl  4)  — 

Ed=Eoe-T^d-pdt  (27) 

yjlnr 

d  =  diffraction  dyadic 

p  =unit  vector  in  direction  of  incident  E-field 
dt  =  incremental  edge  element 

while  the  dyadic  is  expressed  through  a  set  of  unit  vectors: 


d  - dLd±eLeL  +d^exe^  +  d^Le^ e±  +d^e^e^ 

(28) 

e[=ixi/\txi\ 

(29) 

e[=txs/\ixs\ 

(30) 

— 1 
<*> 

X 

II 

(31) 

AJ  A  A  $ 

«n  =sxeL 

(32) 

t  =  unit  vector  along  the  edge 

e'L  =  incident  field  direction  unit  vector  perpendicular  to  plane  of  incidence 
C|]  =  incident  field  direction  unit  vector  parallel  to  plane  of  incidence 
es±  ~  scattered  field  direction  unit  vector  perpendicular  to  plane  of  incidence 
e*  =  scattered  field  direction  unit  vector  parallel  to  plane  of  incidence 
Equations  (27)  -(32)  can  be  re-written  in  PO  terms  and  essentially  the  unit  vectors  will 

toggle  on  or  off  the  appropriate  PO  coefficients  depending  on  which  wedge  face  is 
illuminated.  Integrating  along  the  edge  length  will  produce  the  corresponding  diffracted 
field  component.  Mitzer’s  ILDC  diffraction  coefficients  simplify  to  Ufimstev’s  along  the 
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direction  of  the  Keller  cones  and  remain  finite  in  and  near  the  shadow  and  reflection 
boundaries  [18].  Notice  the  generality  of  the  formulation  for  monostaic  and  bistatic 
situations.  When  dealing  with  complex  geometries,  PO  and  diffraction  effects  would  be 
computed  from  each  illuminated  surface  and  edge  separately  and  then  recombined  to 
determine  the  total  scatterd  field.  Keeping  track  of  the  various  illumination  directions 
and  reflection  points  can  be  teadious,  but  another  high  frequncy  technique  does  precisely 
by  treating  incident  and  reflected  fields  as  discrete,  ray  optic  bundles  of  energy. 

Shooting  and  Bouncing  Rays  (SBR): 

Ray  optic  fields  may  reflect  and/or  reverberate  across  several  surfaces  of  a  complex 
object  before  being  re-radiated  back  to  a  receive  antenna.  The  method  for  tracking  the 
movement  of  such  fields  and  eventually  computing  the  total  scatterd  energy  arising  from 
the  multi-bounce  interactions  is  commonly  refered  to  as  the  shooting  and  bouncing  ray 
(SBR)  technique  [5].  A  dense  grid  of  rays  is  launched  toward  a  target  (from  the 
transmitter’s  location)  and  the  total  scattered  field  arrising  from  each  ray’s  bounce 
location  is  computed/summed  with  a  PO  approximation  as  a  function  of  the  target’s 
orientation  to  the  transmitter  and  receiver.  The  location  and  direction  of  each  ray  and 
bounce  location  is, again,  dictated  by  the  GO  prediction.  Snell’s  law  more  easily 
demonstrates  the  reflection  direction  as  a  function  of  the  incident  angle,  0j,  and  material 
index  of  refraction,  n\,  as  related  to  the  reflection/tranmission  direction,  0r,  and  material 
index  of  refraction,  nr: 

sin(6), )  =  n,  sin(0r ) 
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e. 


Figure  7:  Geometry  of  Snell's  Law 


The  incident  and  reflected  angles  are  measured  relative  to  the  outward  pointing 
surface  normal  of  the  material  boundary  at  the  point  of  reflection  (see  Fig.  7).  Notice  that 
when  dealing  with  a  reflection  (e.g.  from  a  PEC  surface),  the  reflected  ray  angle  is 
identical  to  the  incident  ray  angle.  Ray  tracing  can  be  computationally  expensive, 
however,  especially  for  a  large  grid  of  rays,  but  it  does  provide  a  good  indication  of 
where  die  rays  interact  with  the  target’s  surface(s)  as  they  traverse  through  the  target’s 
geometry.  It  does  not  provide  any  more  indication  than  the  any  other  PO  prediction  of 
how  they  interact  with  each  other  or  when  higher  order  diffraction,  surface,  or  traveling 
waves  arrise  [5]. 

Scattering  Center  Approach: 

A  much  more  intuitive  approach  to  scattered  field  prediction  is  through  analysis  of 
radiation  from  scattering  centers.  Scattered  field  energy  will  contructively  and 
destructively  interfere  as  it  is  reflected  from  a  target’s  surface  dependent  on  the  target 
geometry,  transmitter/receiver  orientaion,  freqency,and  polarization.  The  nature  of  the 
contructive/destructive  field  zones  can  be  described  through  a  statistical  relationship  of 
the  relative  amplitude  and  phase  between  any  two  of  a  collection  of  simple  scattering 
components  of  which  the  object  appears  to  be  comprised  [14].  From  the  receiver  s 
perspective,  the  simple  scattering  component  zones  in  which  significant  constructive 
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interference  occurs,  appear  to  be  the  source  locations  from  where  the  fields  arrise,  and  are 
thus  called  scattering  centers.  Fields  may  or  may  not  actually  arrise  from  these  points, 
and  in  fact  may  be  spatially  sepearted  from  the  target  surface  altogether.  Yet  they  povide 
a  basis  from  which  target  identification  charcteristics  can  be  extrapolated  quickly  and 
efficiently.  And,  unlike  the  PO  method,  they  capture  the  totality  of  the  scattering 
contribution  from  all  the  scattering  sources,  including  specular,  diffraction,  traveling 
waves,  etc.  This  method  is  highly  dependent  on  the  target  geometry  in  relation  to 
transmitter  and  receiver,  and  in  general,  scattering  centers  exist  only  over  a  small  angular 
extent.  This  implies  that, although  the  approach  may  be  valid  for  both  monostatic  and 
bistatic  scattering,  any  monostatic  scattering  center  model  may  not  accurately  represent  a 
bistatic  signature.  However,  several  monostatic-to-bistatic  equivalence  theroems 
(MBET)  have  been  proposed  to  establish  just  such  a  relationship,  allowing  one  to  convert 
monostatic  information  to  an  approximate  bistatic  data  set. 

Kell’s  Monostatic-to-Bistatic  Equivalence  Theorem: 

Robert  Kell  [14]  proposed  a  general  scattering  center-based  equivalence  theorem  in 
1965.  It  relates  the  bistatic  RCS  to  the  monostatic  measured  along  the  bisector  at  a 
frequency  proportional  to  the  cosecant  of  half  the  relevant  bistatic  angle.  Equation  34 
shows  the  relationship  for  the  bistatic  signature  in  a  single  plane  (vertical),  but  this  can  be 
expanded  to  encompass  the  horizontal  plane  also. 

°a{0  =  PJ)=  =  ~J  sec(f  ]]  (34) 

aB  =  Bistatic  RCS 
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aM  =  Monostatic  RCS 
0  =  receiver  orientation  angle  (azimuth) 

/  =  frequency 

As  mentioned  before,  for  this  method,  the  RCS  of  complex  objects  is  described  through  a 
statistical  relationship  of  the  relative  phase  between  any  two  of  a  collection  of  simple 
scattering  components  or  scattering  centers.  Kell  derives  a  relationship  between 
scattering  center  phase  and  the  bisector  of  the  bistatic  angle  through  the  following 
analysis  [14]. 


Referring  to  Fig.  8,  one  may  re-write  Eqn.  (2)  as: 

(7  =  ^\\l(zyn°ZC0smdz\ 

I(z)  =  j[(wx/^)xr0e'<>"  +  (n  ■  hs)r0e‘*H  -(nxes)e"flE]p(d,z)d0 


(35) 

(36) 


where: 


a  =  Bistatic  RCS 
X  =  wavelength 
P  =  bistatic  angle 

hs  =  normalized  magnetic  field  vector  on  target  surface  at  element  da 
<|)E  =  phase  difference  between  surface  and  incident  E-fields  at  da 
<(>h  =  phase  difference  between  surface  and  incident  H-fields  at  da 


29 


r0  =  distance  from  receiver  to  area  da 

p(0,z)  =  conversion  factor  which  relates  da  to  dzd9 

Although  I(z)  provides  an  exact  solution  to  (35),  it  can  be  difficult  to  compute  (as  has 
been  mentioned  before),  so  an  approximation  to  the  scattering  solution  is,  again,  more 
useful.  Kell’s  approach  yields  an  approximation  contingent  primarily  upon  phase 
interactions  between  scattering  centers.  The  discrete  scatter  center  interpretation  of  RCS 
(relative  phase  method)  finds  form  in  equation  (37),  [3]: 

M 

<7  =  E 

m=l 

a  =  total  RCS 
M  =  number  of  discrete  scattering  centers 
Cm  =  RCS  of  mth  scattering  center 
<|)m  =  phase  of  the  mth  scatterer’s  field  relative  to  the 
first  scattering  center 

The  phase  term  is  dependent  on  the  distance,  dm,  between  any  individual  scattering  center 
and  a  phase  reference  center,  and  thus  requires  a  high  degree  of  accuracy  in  determining 
X/dm.  Should  such  information  be  available,  one  can  relate  the  phase  in  a  bistatic 
situation  to  the  bistatic  angle,  0: 

=2M*cos^  +  &I  (38) 

zm(a)  =  distance  between  m*  and  a  reference  phase  center  projected  on 
the  bistatic  bisector  axis 

=  residual  phase  contribution  of  mth  scattering  center  (i.e.  path 
length  phase  contribution  of  creeping  wave  component) 

Placing  equation  (38)  into  equation  (37)  leads  to, 
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<7  = 


2 


(39) 


M 

Z 


7H=1 


'2*0z,„  cos^+£, 


/<%« 


which  now  relates  the  monostatic  to  the  bistatic  RCS.  This  formula  essentially  states  that 
for  a  given  target  orientation  a,  if  the  RCS  can  be  described  by  a  scattering  center 
summation  and  if  the  amplitudes,  positions,  and  residual  phases  of  the  significant 
contributors  to  this  summation  are  insensitive  to  the  bistatic  angle  over  the  range  of 
considered  bistatic  angles,  then  the  bistatic  RCS  is  equal  to  the  monostatic  measured 
along  the  bisector  of  the  bistatic  angle,  P,  at  a  frequency  lower  by  cos  p/2.  In  other 
words,  to  extrapolate  the  bistatic  RCS  data  from  monostatic  data  one  needs  to  1)  measure 
the  monostatic  signature  at  an  orientation  angle,  a=p/2,  at  a  frequency  sec  p/2  higher  than 
the  desired  equivalent  bistatic  frequency  (no  polarization  shift)  and  2)  translate  the  data 
along  the  a-axis  such  that  each  data  point  at  position  a  in  the  monostatic  data  set 
corresponds  to  a  position  2a  in  the  bistatic  data  set  [14]. 

The  nature  of  scattering  centers  gives  some  indication  of  the  applicability  of  this 
approximation.  As  previously  mentioned,  differences  between  the  monostatic  and 
bistatic  arise  from  one  of  three  sources  [14].  If  changes  in  any  of  these  areas  should  be 
small  as  a  function  of  changing  bistatic  angle,  the  monostatic  and  bistatic  returns  should 
be  similar.  In  essence,  the  MBET  should  prove  more  accurate  for  regions  in  which  an 
equipotential  phase  distribution  is  common,  namely  where  direct  specular-type 
reflections  dominate.  In  general,  these  will  occur  for  smaller  bistatic  angles.  At  larger 
bistatic  angles  the  frequency-dependent  nature  of  individual  scattering  centers  is  of 
greater  significance  than  the  equivalent  frequency  shift  provided  by  the  cos  p/2  term,  and 
thus,  Kell’s  MBET  should  begin  to  fail.  Target  features  which  produce  shadowing 
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effects,  non-specular  type  effects  (e.g.  surface  waves  or  diffraction),  or  multi-bounce 
situations  (e.g.  dihedral  and  trihedral-type  reflectors)  may  provide  dominant  field 
scattering  in  the  bistatic  region.  Here,  too,  the  MBET  is  expected  to  break  down.  This 
may  be  especially  prevalent  in  the  forward  scatter  region,  although  such  an  analysis  is 
outside  the  scope  of  this  report. 

Kell  states  that  upon  comparison  of  general  theory  of  diffraction  (GTD)  calculated 
bistatic  RCS  data  for  a  24X  long,  4.8A,  diameter  cylinder,  the  RCS  predicted  by  the 
MBET  is  within  3  dB  of  the  measured  value  through  10  degrees  bistatic  angle  (as 
measured  from  illumination  at  broadside  and  end-on).  He  also  mentions  that  the  MBET 
fails  to  accurately  predict  a  creeping  wave  component  to  a  scattered  field  from  several 
different  size  spheres  for  bistatic  angles  greater  than  1  degree  [14].  MRC  has  shown  that 
the  MBET  predicts  significantly  greater  signature  levels  than  is  measured  for  dihedral 
and  trihedral-type  reflectors  [20]. 

Crispin’s  Monostatic-to-Bistatic  Equivalence  Theorem: 

Crispin  and  Siegel  [8]  also  proposed  an  MBET,  although  it  is  solely  based  on  PO 
considerations.  The  final  derivation  is  similar  to  Kell’s  (34)  except  the  frequency  shift 
term  is  eliminated. 


<r,(0  =  A./W««'  =  f./)  (40) 

Crispin  states  the  theorem  in  following  fashion: 
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“  In  the  limit  of  the  vanishing  wavelength,  the  bistatic  cross  section  for  transmitter 
direction  k  and  receiver  direction  h0  is  equal  to  the  monostatic  cross-section  for  the 
transmitter-receiver  direction  k  +  h0  with  k*h0  for  bodies  that  are  sufficiently  smooth.  ” 

Albeit  relatively  ambiguous,  sufficiently  smooth  usually  refers  to  a  surface  whose  surface 
features  Eire  at  least  two  orders  of  magnitude  smaller  than  the  incident  wavelength. 
Figure  9  depicts  the  geometry. 


k 

Surface 

- *  y 

X 

Figure  9:  Crispin’s  Bistatic  Scattering  Geometry 

In  describing  this  derivation,  the  concept  of  a  radiation  vector,  F,  will  be  introduced  into 
the  PO  formulation  of  (15a-15d).  It  is  essentially  the  U  vector  of  15c  combined  with  the 
coefficient  of  15b  and  can  be  written: 


In 

(41) 

f  =  J  nejkr'<A°+hds 
s 

(42) 

where: 

a  -  unit  vector  in  direction  of  incident  magnetic  field 

S  =  illuminated  portion  of  surface 
h  =  outward  pointing  surface  normal  unit  vector 
r  =  radius  vector  from  some  origin  to  point  on  surface 
Although  the  transmitter  and  receiver  directions  can  be  arbitrary  (e.g.  ha  may  be  a 

function  of  <(>  and  0  in  Fig  9),  for  the  remainder  of  this  proof,  the  transmitter  shall  be 
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restricted  to  align  with  the  z-axis  and  the  receiver  shall  be  contained  in  the  y-z  plane  (Fig. 
9).  As  such  the  following  monostatic  (43-45)  and  bistatic  (46-48)  direction  vectors  can 
be  written: 


h0  =  sin(0)j)  -  cos (9)z 

(43) 

k  =  sin(0)y  -  cos(6,)z 

(44) 

a  =  cos  (/>  x + sin  <j)  cos  9  y + sin  <j)  sin  6  z 

(45) 

hQ  =  sin(20)j>  -  cos(20)z 

(46) 

1 

II 

(47) 

a  =  cos$c  +  sin$> 

(48) 

As  the  wavelength  becomes  very  small,  f  can  be  written: 

A 

f  =  \eJkr'("°+i)dS 

n0  +  s 

which  for  the  monostatic  becomes: 

f  =  p\eJkrimdS 
s 

and  for  the  bistatic: 

f  r=-pjejkr'<2pcos0)dS  (51) 

s 

where: 

p  =  sinO  y-cos9  z  (52) 

Evaluating  the  integrals  via  stationary  phase,  (50)  and  (51)  become: 


(49) 


(50) 
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f  =  \Asm9  y- Acos9  z\jkc 

(monostatic) 

(53) 

f  =  [A\axv9y-AzYiCcose 

(bistatic) 

(54) 

where  A  &  C  are  constants.  Plugging  (53)  and  (54)  back  into  (41)  yields: 

FM  =  — [(^e^^cos^  Jc  +  sin^cos^y+sin^sin^z)]  (monostatic)  (55) 
2n 

F,  =  sin  2#(tan  9  x  -  z)- (tan  9  sin  29  +  cos  29)(cos  <f>x  +  sin<f>  y)]] 

2  TV 

(bistatic)  (56) 


The  magnitudes  of  (55)  and  (56)  can  be  evaluated  as: 

F 

F  M  ~  _. 

2  n 


(monostatic)  (57) 


kA  2  r  i  kA  2 

—  [(tan 9 sin 29  +  cos 29) 2  cos2  ^  +  sin2  <j> cos2  2^  +  sin2  ^sin2  29J=  — 

2  n  2  n 

(bistatic)  (58) 


Combining  these  results  with  (2)  and  (15b)  reveals  equivalent  monostatic  (59)  and 
bistatic  (60)  RCS: 

_ (kA)2  (59) 


n 


(60) 


While  the  GO,  PO,  and  PTD  solutions  provide  a  more  rigorous  explanation  of  the 
scattering  solution  than  either  Kell’s  or  Crispin’s  MBET,  all  of  these  techniques  have 
been  incorporated  into  commercially  available  electromagnetic  scattering  prediction 
codes.  Although  the  limitations  of  each  method  may  be  conceptually  understood,  the 
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implementation  of  the  method  within  a  code  is  of  greater  importance  when  assessing  the 
quality  of  a  computed  signature  level.  Ultimately,  assessing  the  accuracy  of  any  of  these 
high  frequency  methods  turns  to  a  discussion  of  the  accuracy  of  the  software  package 
which  utilizes  the  method.  Xpatch  is  the  software  suite  under  investigation  here,  and  a 
brief  introduction  to  its  capabilities  should  prove  beneficial. 

Xpatch  v2.4d: 

Demaco,  Inc  (now  SAIC)  developed  a  suite  of  high  frequency  electromagnetic 
scattering  prediction  codes  and  supporting  utilities  for  the  US  Air  Force  in  the  late  1980’s 
and  early  1990’s  which  have  been  incorporated  into  the  Xpatch  2.4d  package  [5,32], 
This  is  the  latest  version  for  mass  distribution  to  be  released  by  the  Air  Force  managing 
agency,  AFRL/SNAS.  It  is  comprised  of  six  primary  software  modules:  1)  a  CAD/facet 
file  manipulation/editing  utility,  CIFER,  2)  a  frequency-domain  PO/PTD  based  signature 
prediction  tool,  Xpatchf,  3)  its  time-domain  analog,  Xpatcht,  4)  a  method  of  moments 
based  signature  prediction  package,  the  Fast  Illinois  Solver  Code  (FISC)  [32],  5)  a 
CAD/facet  file  visualization  tool,  Xedge,  and  6)  an  assortment  of  RCS  data 
visualization/plotting  tools  (McRange,  Mclmage,  XYPlot,  PSPlot). 

Most  simulation  data  within  this  thesis  have  been  generated  by  the  Xpatchf  utility,  so 
this  module’s  bistatic  prediction  capability  is  evaluated.  This  PO-based  code  computes 
in-phase  (I)  and  quadrature-phase  (Q)  field  component  data  (monostatic  or  bistatic)  for 
target  geometries  represented  by  certain  IGES  format  object  types,  ACAD-format  facet 
files,  or  BRL-CAD  format  CAD  images.  From  this  co,  cross  and  circular  polarization 
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RCS  amplitude  and  phase  data  is  generated  to  facilitate  production  of  pattern  cut,  impulse 
response,  and/or  2/3-D  downrange  images. 

Essentially  RCS  data  is  produced  by  launching  rays  at  the  object  under  test, 
computing  the  PO  response  of  the  first  reflection  from  the  illuminated  geometry, 
performing  a  ray  trace  (SBR)  for  each  ray  within  the  target  geometry,  and 
computing/adding  to  the  first  term  a  PO  response  of  the  last  reflection  point  before  a  ray 
exits  the  target  geometry.  An  option  is  available  to  compute  and  sum  PO  returns  for  all 
reflection  points  and  to  perform  (“GTD”  option)  or  not  perform  (“PTD”  option)  aperture 
blockage  checks  in  the  process.  A  PTD  edge  diffraction  term  (computed  via  Mitzner’s 
method)  can  be  incorporated  if  desired,  but  a  separate  edge  geometry  description  file 
must  first  be  built  with  the  CIFER  utility.  For  monostatic  computations,  the  first 
reflection  point  contribution  can  be  determined  by  either  z-buffering  or  PO  analysis, 
however,  for  bistatic  predictions  all  computations  are  handled  through  the  SBR  method. 
The  ray  trace  history  can  be  captured  and  visualized  along  with  the  target  geometry 
within  Xedge  to  assist  in  scattering  analysis. 

Potential  Sources  of  Error  Within  Xpatch: 

Whenever  dealing  with  approximations,  error  will  be  introduced  into  the 
computations.  Moore,  Burt,  and  Hunsberger  [22]  classified  three  primary  error  sources 
associated  with  any  ray  tracing  analysis:  facetization  effects,  current  element  shadowing, 
and  estimating  fields  which  arise  from  multiple  reflections.  Each  is  described  below: 

Facetization  effects:  Facetization  effects  arise  from  multi-bounce  rays  which  can 
induce  discontinuous  current  distributions  upon  a  complex  object’s  surface.  The 
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nature  of  the  ray  bounce  and  the  ensuing  current  distribution  is  directly  related  to 
a  facetized  representation  of  the  object’s  curved  geometry.  The  currents  are 
incorrectly  integrated  at  the  receiver  in  the  PO  formulation  causing  anomalous 
down-range  signals.  These  signals  cannot  be  mitigated  by  increasing  the  number 
of  facets  defining  the  geometry  or  the  ray  bundle  density.  Only  curved  surface 
representation  with  a  high  ray  density  will  diminish  this  effect  [22]. 

Current  Shadowing:  Errors  can  also  arise  when  current  patches  are  not  directly 
visible  to  the  receiver.  Such  current  patches  can  arise  from  multi-bounce  rays 
within  a  shadow  region  and  can  be  integrated  in  a  PO  solution  even  though  the 
rays  emanating  from  them  don’t  reflect  back  to  the  receiver.  This  leads  to  non¬ 
physical  responses  in  a  down-range  image.  Only  current  patches  visible  to  a 
receiver  should  be  integrated  in  the  scattered  field  computation.  This  is  of 
particular  concern  for  bistatic  analysis  [22]. 

Integration  of  current  patches:  Xpatch  by  default  integrates  only  the  current 
patches  induced  at  the  first  and  last  reflection  points.  However,  all  current 
patches  induced  by  reflected  rays  will  contribute  a  small  amount  to  the  scattered 
field.  The  amount  a  current  patch  will  contribute  the  received  scattered  field  is 
related  to  the  angle  between  the  average  radar  line  of  sight  and  the  normal  vector 
of  the  surface.  The  average  radar  line  of  sight  is  the  average  of  the  unit  vector 
from  the  transmitter  to  the  current  patch  and  the  unit  vector  from  the  receiver  to 
the  current  patch  [22]. 

With  this  in  mind,  gauging  the  validity  of  the  Xpatch  predictions  (or  any 
computationally  derived  data  set)  necessitates  its  comparison  to  a  complimentary  data  set 
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recognized  to  be  of  inherently  greater  precision,  accuracy,  or  real  world  appeal;  one 
needs  to  establish  a  basis  so  to  speak.  Measured  scattering  data  from  indoor  or  outdoor 
measurement  ranges  usually  fulfils  the  requirement,  so  monostatic  and  bistatic  measured 
data  was  collected  at  two  different  locations  to  support  this  research.  Both  are  indoor 
facilities,  and  a  few  words  about  collection  methods  and  the  facilities  themselves  should 
equip  the  reader  with  a  better  sense  of  the  measured  data’s  quality. 

Measurement  Methods: 

Facilities: 

The  measurements  in  this  report  are  furnished  by  Mission  Research  Corporation 
(MRC),  Dayton,  OH,  and  the  European  Commission  Joint  Research  Center  (JRC),  Ispra, 
Italy.  Both  facilities  utilize  indoor  anechoic  chambers,  MRC’s  being  a  standard 
rectangular  compact  range  design,  while  the  JRC’s  utilizes  a  hemispherical  chamber 
tailored  for  bistatic  measurements.  The  typical  compact  range  profile  is  shown  in  Figure 
10  and  is  usually  characterized  by  a  large  reflecting  screen  in  front  of  a  TX/RX  antenna 
assembly.  The  reflector  transforms  the  antenna’s  spherical  wavefront  into  a  plane  wave, 

Rolled  edge 
reflector 


Figure  10:  Profile  of  Compact  Range  Design 
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Figure  11:  Exploded  View  of  JRC  Chamber 


Figure  12:  Reference  Coordinates  Within  JRC 
Chamber 


Table  1:  MRC  &  JRC  Range  Characteristics 


Range  Characteristic 

MRC 

JRC 

RF  range  (GHz) 

2-18 

1-40 

Polarization 

Full  polari  metric 

Full  polarimetric 

Sensitivity  (dBsm) 

? 

-60 

Dynamic  range  (dB) 

? 

100 

Chamber  dimensions  -  length 
(m) 

20 

20  (diameter) 

Down/Cross  range  resolution 

10  m  -  1  cm 

Target  rotation/angular 
resolution  -  horizontal  plane 
(deg) 

0-360/? 

0-360/0.05 

Target  rotation/  angular 
resolution  -  vertical  plane  (deg) 

+/-  30 /? 

NA 

Target  positioning;  resolution 

Fixed  position 

+/-  2.5  meters  (along  x- 
axis);  +/-  0.5  mm 

Radar  positioning/  angular 
resolution  (deg) 

Fixed  position 

-115/+115;+/- 0.005 

(in  x-z  plane) 

which  becomes  incident  upon  a  test  target  several  meters  behind  the  antennas  on  a 
rotating  pylon.  MRC’s  pylon  includes  a  target  mount,  which  can  rotate  360  degrees  in 
the  horizontal  plane  (primary  measurement  plane)  and  +/-  30  deg  in  the  vertical.  To 
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minimize  unwanted,  spurious  scattering,  the  pylon  incorporates  an  ogival  profile,  the 
reflector  a  rolled  edge  design,  and  carbon-impregnated  pyramid  and  wedge-shaped  RF 
absorbing  foam  (RAM)  covers  the  walls,  ceiling,  and  floor.  Although  the  dimensions  of 
the  “quite  zone”  (where  the  far  field  requirement  is  met)  are  based  on  frequency  and 
bandwidth,  they  average  several  meters  in  any  dimension,  so  fairly  large  targets  can  be 
accommodated  [15].  An  exploded  view  of  JRC’s  range  design  is  shown  in  Figure  1 1  and 
has  been  optimized  for  bistatic  measurements.  Within  the  primary  bistatic  measurement 
(vertical  x-z  plane,  Fig  12)  separate  rail-mounted  TX  and  RX  antennas  rotate  about  a 
target  pylon.  Smaller  Rx-only  antennas  are  arrayed  along  the  semi-hemispherical 

chamber  walls  to  take  multi-static  measurements  simultaneously.  The  chamber  supports 
pseudo-monostatic  measurements  in  the  horizontal  plane  (x-y  plane)  when  the  TX/RX 
antenna  pair  is  locked  at  9  ~=  90  degs,  but  the  angular  separation  between  them  is  no 
smaller  than  1.6  degrees  [9].  A  comparison  of  chamber  attributes  is  noted  in  Table  1. 

Calibration: 

Calibration  standards  and  methods  vary  widely  primarily  as  a  function  of  cost 
effectiveness,  ease  of  implementation,  and  appropriateness  for  the  measurement  scenario, 
lost  and  Fahlsing  [13]  succinctly  describe  the  calibration  process  as  an  action  taken  to 
ensure  that  the  measured  data  is  traceable  to  some  standard.  The  appropriateness  factor  is 
especially  important  in  quantifying  the  degree  of  this  tractability.  The  method  of  the 
calibration  as  well  as  the  calibration  target  utilized  play  important  roles  in  determining 
the  quality  of  the  final  calibrated  data  set. 
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Different  methods  are  more  appropriate  for  monostatic  and  bistatic  situations. 
Amplitude  and  phase  stability  should  both  be  considered  when  selecting  a  calibration 
method.  For  monostatic  measurements  phase  is  of  lesser  concern  because  of  the  single 
look  angle,  and  thus,  methods  which  produce  good  amplitude  measurements  suffice  (e.g. 
background  subtraction).  In  bistatics  phase  becomes  critical  because  of  the  generality  of 
the  signal  collection  orientation.  Several  general  polarimetric  calibration  procedures 
have  been  proposed  with  equal  applicability  for  monostatics  and  bistatics  [28,29,30],  and 
others  address  uniquely  bistatic  concerns  [1,2,28]. 

Selection  of  a  calibration  target  can  make  or  break  the  accuracy  of  the  final  calibrated 
measurement.  Metallic  spheres  prove  to  be  excellent  monostatic  calibration  sources 
because  of  their  inherent  symmetry,  ease  of  manufacture,  and  readily  available  theoretical 
solution,  but  lately  squat  cylinders  have  become  the  preferred  calibration  source  due  to 
their  larger  backscatter  return  (a  good  calibration  source  should  have  an  RCS  similar  in 
magnitude  to  that  of  the  target  under  test).  Bistatic  calibration  targets  need  stable 
signature  returns  over  a  wide  bistatic  angular  extent.  Spheres  do  not  make  good  bistatic 
cal  sources  because  of  large  fluctuations  in  the  bistatic  signature  as  a  function  of  the 
sphere’s  electrical  size.  Dihedrals  have  nearly  identical  cross-pol  components,  thus 
providing  a  good  full-polarimetric  source  in  monostatic  and  bistatic  situations.  Circular 
metallic  disks  are  also  good  candidates  for  bistatic  calibrations  because  of  signature 
stability  over  wide  bistatic  angles  [13,15,26]. 

MRC  utilizes  the  background  subtraction  calibration  method.  In-phase  (I)  and 
quadrature-phase  (Q)  field  component  data  of  the  received  scattered  signature  from  four 
sources  are  combined  with  a  theoretical  solution  through  Equation  61  to  produce  the 
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“calibrated”  I  and  Q  data.  Sources  of  the  measured  data  include  the  target  being 
investigated,  the  target’s  environment,  a  calibration  target,  and  the  calibration  target’s 
environment  while  the  theoretical  solution  is  that  of  the  calibration  target  itself.  I  and  Q 
data  is  then  converted  to  calibrated  RCS  amplitude  and  phase  data  through  (62)  and  (63). 
MRC  calibration  targets  include  a  15”  diameter  squat  cylinder,  a  4”  diameter  sphere,  and 
an  8”  diameter  sphere  [4],  Each  is  sufficient  for  monostatic  measurements  and  more  than 
one  can  be  used  during  a  single  measurement  cycle  to  improve  accuracy.  The  cylinder 
produces  a  larger  monostatic  return,  and  is  therefore,  the  preferred  calibration  source. 
Full  polarimetric  calibrations  are  produced  with  separate,  oppositely  polarized  antennas 
for  transmit  and  receive. 


Calibrated 


^Target  ^Target  background 

® Theoretical 

®Cal  /argef  _  ® Cal  /arg  et  background 


(61) 


RCS 


Amplitude 


=  20  log 


10 


(V'2+e2) 


(62) 


RCS 


Phase 


f 

=  arctan 

v 


(63) 


The  JRC  utilizes  the  single  reference  calibration  (SRC)  procedure  outlined  in  [30]  for 
full-polarimetric  monostatic  and  bistatic  measurements.  The  reference  target  is  a  30  cm 
diameter  flat  metal  disk.  For  bistatic  calibrations  the  diehedral  is  replaced  with  a  wire 
mesh  [23,24].  Calibrations  produced  with  this  method  are  purported  to  provide  amplitude 
accuracy  to  within  0.3  dB,  phase  accuracy  within  3  degrees,  and  cross-polarization  purity 


43 


of  greater  than  50  dB.  The  cross-pol  purity  is  especially  remarkable  as  it  is  nearly  25  dB 
higher  than  that  produced  by  other  calibration  techniques  [30]. 

Both  calibration  techniques  utilized  by  the  JRC  and  MRC  appear  to  produce  similar 
RCS  amplitude  response  curves.  Figure  13  shows  a  direct  comparison  of  Object  B’s 
monostatic  signature  for  180  degrees  of  azimuth  at  8  and  14  GHz.  The  slight  angular 
shift  noted  in  the  JRC  data’s  lobing  structure  compared  to  the  MRC  data  may  result  from 
the  quasi-monostatic  measurement  limitation  of  that  facility  (Tx  and  Rx  antennas 
separated  by  1.6  degrees).  The  plots  deviate  from  each  other  by  less  than  2  dBsm  for 
most  aspect  angles,  so  for  all  practical  purposes  the  MRC  and  JRC  measurements  are 
regarded  as  equal  in  accuracy,  precision,  and  value. 

The  data  presented  in  Fig.  13  is  only  part  of  the  entire  data  set  acquired  for  this 


Figure  13:  Comparison  of  JRC  &  MRC  Monostatic  RCS  Data 
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research.  Additional  measurement  and  simulation  runs  complete  the  set  and  a  host  of 
original  Matlab  scripts  and  function  files  were  created  to  help  manipulate  and  format  the 
data  The  next  sections  describe  the  data  and  the  Matlab  scripts  in  greater  detail  in 
addition  to  explaining  the  target  and  measurement/simulation  matrix  selection. 
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III.  Methodology 


Overview: 


The  process  by  which  data  was  gathered  for  this  research  can  be  found  in  Fig.  14. 
This  flow  chart  reveals  a  three-pronged  approach  to  gathering  the  raw  data  followed  by  a 


Figure  14:  Research  Progression  Flow  Diagram 
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sequence  of  code  writing  which  would  allow  the  data  to  be  formatted,  utilized,  and 
manipulated.  The  analysis  section  followed  and  involved  a  great  deal  of  feedback  to  the 
script  writing  phase  as  numerous  bugs  were  eliminated  and  capabilities  expanded  as 
required. 

Model  Selection: 


Because  the  computational  methods  under  investigation  are  suspected  of 
approximating  only  signatures  from  certain  scattering  mechanisms  well,  the  test  objects 
must  produce  distinctive  scattering  from  an  individual  mechanism  or  some  combination 
of  several  mechanisms.  In  particular,  targets  which  support  delineation  between  specular 
and  non-specular  phenomena  are  desired.  Several  other  key  considerations  led  to  the 


Object  A: 
Flat  Plate 


Object  B:  Object  C: 

SLICY  SLICY 

Target  1  Target  2 


Figure  15:  Research  test  objects 


selection  of  the  targets  in  Fig  2a  (repeated  as  Fig  15  for  convenience).  All  objects  were 
selected  for  their  ease  of  manufacture,  limitations  of  the  measurement  environment, 
similarity  to  objects  which  have  already  undergone  rigorous  monostatic  appraisal,  and 
their  ability  to  produce  certain  scattering  mechanisms.  Testing  the  objects  in  the  MRC  or 
JRC  chamber  limited  the  objects’  size  to  less  than  two  meters  in  any  dimension.  The 
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final  dimensions  (Fig.  16a-c,  all  dimensions  in  mm)  were  chosen  to  maximize  each 
object’s  electrical  size  for  the  frequency  bandwidth  of  interest  (6-18  GHz)  while  acting 
within  these  constraints.  The  final  products  can  be  comfortably  handled  by  one  person 
and  incorporate  dimensions  that  fall  within  the  resonance  and  optical  regions  depending 
on  the  frequency  of  interest.  Anticipated  scattering  mechanisms  helped  solidify  the 
choice  of  test  objects.  Object  A  provides  a  good  specular  return  from  broadside 
illumination,  and  when  viewed  bistatically  from  edge-on,  should  support  good  edge 
scattering  effects  for  one  polarization.  Object  B’s  geometry  includes  a  large  shadowing 
feature,  which  should  block  a  fair  amount  of  scattering  from  smaller  bistatic  look  angles 
(Rx  position  angles)  when  the  transmitter  illumination  angle  is  within  45  degrees  of 
broadside  to  the  flat  plate.  It  includes  a  canted,  hollow  cylinder,  which  should  provide 
some  cavity  coupling  when  illuminated.  Object  C  provides  an  analog  to  Object  B  without 
a  significant  shadowing  feature  or  large  cavity  coupler.  Aluminum  construction 
ensures  that  the  reflecting  surface  closely  approximates  a  perfect  electrical  conductor 
(PEC).  The  thin,  flat  metal  parts  are  machined  from  1.8  mm  aluminum  sheeting,  the 
cylinders  are  manufactured  from  3”  diameter  aluminum  pipe,  and  end  caps  for  each 
cylinder  are  cut  from  solid  aluminum  stock.  A  single  base  unit  manufactured  from  a 
solid  aluminum  block  is  utilized  for  both  Objects  B  &  C,  and  the  flat  plate  of  Object  A 
and  Object  C  are  one  in  the  same.  Each  part  is  hand  polished  after  being  cut  to  the  proper 
dimension  by  computer-controlled  milling  equipment  with  exacting  tolerances  of  less 
than  1/1000*  of  an  inch.  Three  sets  were  manufactured;  one  sent  to  the  JRC,  one  sent  to 
Ohio  State  University,  and  one 
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Figure  16  a)  Object  A  Schematics,  b)  Object  B  Schematics 
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Figure  16  c)  Object  C  Schematics 


remaining  at  MRC  and  AFIT. 

Monostatic  and  bistatic  measured  and  simulated  RCS  amplitude  and  phase  data  was 
generated  for  each  object  for  similar  orientations  and  frequencies.  As  mentioned,  the 
frequency  band  of  interest  is  6-18  GHz.  This  band  is  primarily  dictated  by  the 
capabilities  of  the  MRC  and  JRC  measurement  chambers.  Noise  begins  to  dominate 
measured  reflections  in  both  chambers  above  18  GHz,  and  the  electrical  size  of  most 
target  surface  features  becomes  too  small  for  frequencies  below  6  GHz.  A  complete 
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measurement  test  matrix  and  description  can  be  found  in  the  following  section.  For  the 
most  part,  simulation  data  matrices  mirror  that  of  the  measured  data  sets. 

Measured  Data  Acquisition: 

This  section  describes  scattering  data  collected  at  both  the  MRC  and  JRC  chambers. 
Polarization  is  defined  relative  to  the  ground  plane  for  all  analysis  even  though  the  actual 
collection  sequence  included  several  different  measurement  orientations.  Objects  should 
be  thought  of  as  having  been  placed  on  some  sort  of  absorbing  surface  in  the 
configurations  shown  in  Figures  17-19  with  the  positive  z-axis  pointing  in  the  positive 
vertical  direction  (up,  away  form  the  ground).  VV-pol  describes  an  E-field  perpendicular 
to  the  ground  plane  (for  Tx  and  Rx)  and  HH-pol  has  it  parallel,  (for  Tx  and  Rx)  All 
measurements  occur  in  the  azimuthal  plane  with  either  the  object  being  rotated  about  the 
z-axis  (stationary  Tx./Rx  antenna)  for  monostatic  measurements  or  the  receiver  being 
rotated  about  a  stationary  object  (and  stationary  Tx  antenna)  for  bistatic  measurements. 
This  convention  should  help  the  reader  conceptualize  scattering  from  each  object  more 
easily.  Appendix  A  describes  the  actual  measurement  orientation 

for  all  targets. 

The  complete  target  test  matrix  is  shown  in  Tables  2a-c.  Neither  facility  could 
perform  all  the  desired  measurements,  so  the  matrix  attempts  to  maximize  the  amount  of 
data  collected  between  the  two.  Only  monostatic  data  at  VV-pol  is  collected  from  MRC, 
but  the  JRC  acquires  full  polarimetric  monostatic  and  bistatic  data.  Data  at  10  MHz 
increments  between  6-18  GHz,  for  180  degrees  of  azimuth  (0.5  deg  step  size)  is 
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Monostatic  measurement 
rotation  direction 

Figure  17:  Object  A  Measurement  Orientation 


A 

z 


Monostatic  measurement 
rotation  direction 


Figure  18:  Object  B  Measurement  Orientation 
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Z  A 


Monostatic  measurement 
rotation  direction 

Figure  19:  Object  C  Measurement  Orientation 

acquired  at  MRC  but  only  7-15  GHz  (10  MHz  intervals),  360  degrees  of  azimuth  (1.0 
deg.  angular  resolution)  at  JRC.  A  lower  angular  resolution  and  frequency  bandwidth  are 

necessitated  by  range  time  limitations  at  the  JRC,  and  although  MRC  only  provides  VV-  • 
pol  data  (again,  due  to  scheduling  constraints),  its  higher  resolution  is  deemed  an 
adequate  trade-off.  Monostatic  data  are  collected  for  Object  B  from  both  MRC  and  JRC 
locations  for  two  reasons:  1)  to  compare  data  sets  from  both  facilities  and  2)  to  extract 
Kell’s  and  Crispin’s  approximate  bistatic  RCS.  JRC  monostatic  data  are  also  available 
for  Object  A  and  MRC  monostatic  data  for  Object  C.  MRC  monostatic  data  is  used  to 
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Table  2a:  MRC  Monostatic  Measurement  Matrix 


Object 

Measurement  Type 

Polarization 

RF 

Bandwisth/ 
Step  Size 
(GHz) 

Azimuth  Angle 
Range/Step  Size 

(deg) 

B 

Monostatic  in 
azimuth  (x-y)  plane 

VV-pol 

6-18/0.01 

0-360/0.5 

C 

Monostatic  in 
azimuth  (x-y)  plane 

VV-pol 

6-18/0.01 

0-360/0.5 

Table  2b:  JRC  Monostatic  Measurement  Matrix 


Object 

Measurement  Type 

Polarization 

RF 

Bandwisth/ 
Step  Size 
(GHz) 

Azimuth  Angle 
Range/Step  Size 
(deg) 

A 

Monostatic  in 
azimuth  (x-y)  plane 

Full- 

polarimetric 

7-15/0.01 

0-360/1.0 

B 

Monostatic  in 
azimuth  (x-y)  plane 

Full- 

polarimetric 

7-15/0.01 

0-360/1.0 

Table  2c:  JRC  Bistatic  Measurement  Matrix 


Target 

Measurement 

Type 

RF 

Bandwisth/ 
Step  Size 
(GHz) 

Polarization 

Tx 

Orientation 
a  Angle 
(deg) 

Rx  Orientation 

P  Angle  (deg)/ 
Increment  Step 
Size  (deg) 

A 

Bistatic  in 
azimuth  (x-y) 
plane 

7-15/0.01 

1 

0 

4  to  184/1.0 

4  to  184/1.0 

B 

Bistatic  in 
azimuth  (x-y) 
plane 

7-15/0.01 

■ 

1 

45 

-20  to +200/1.0 

-20  to +200/1.0 

C 

Bistatic  in 
azimuth  (x-y) 
plane 

7-15/0.01 

45 

-20  to +200/1.0 

-20  to +200/1.0  : 
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compute  Kell’s  and  Crispin’s  equivalent  bistatic  RCS  for  Object  C.  The  bistatic  data 
collected  at  the  JRC  exists  for  all  test  objects.  Transmitter  and  Receiver  position  angles 
(a  and  p  respectively)  are  positively  measured  in  the  x-y  plane  from  the  +y-axis  toward 
the  +x-axis.  The  bistatic  angle  equates  to  P~a.  The  Tx  illumination  angle,  a,  for  Object 
A  is  0  degrees  and  the  Rx  look  angle,  p,  is  rotated  from  4  to  184  degrees  (through 
forward  scatter).  Objects  B  &  C  are  illuminated  from  a  =  45  degrees,  and  the  Rx  rotates 
from  p  =  -20  through  +200  degrees  azimuth.  Again  the  selection  of  only  a  single 
transmitter  illumination  angle  is  dictated  by  time  constraints  and  its  position  is  justified 
because  it  provides  good  shadowing  on  Object  B.  A  peak  off  Object  A  and  B’s  flat  plate 
broadside  determines  the  0  reference  angle,  while  Object  C’s  “side  1”  (Fig.  19)  serves  as 
its  0  degree  reference.  No  bistatic  data  exists  within  +/-4  degrees  of  the  a  angle  because 
of  measurement  environment  restrictions  at  the  JRC. 

Simulation  Data  Acquisition: 

The  Xpatchf  module  of  the  Xpatch  2.4d  prediction  suite  generated  most  of  the 
simulated  data.  Simulations  corresponding  to  each  of  the  measured  data  sets  comprise 
the  bulk  of  this  set.  Each  simulation  file  utilizes  target  facet  files  created  by 
AFRL/SNAD.  They  are  based  on  dimensional  measurements  (mm  units)  from  one  of  the 
original  test  models.  The  facet  files  are  created  as  NURBS  entities  and  then  facetized  all 
within  the  Windows-based  Rhinoceros  CAD  package  [25].  An  AFRL  post-processing 
script  formats  the  facetized  geometries  into  an  Xpatch-readable  format.  No  curvature 
files  are  associated  with  the  facets  files,  but  the  resolution  of  the  individual  facets  is 
deemed  fine  enough  to  prevent  significant  facetization  effects.  Edge  files  are  extracted 
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with  the  Cifer  utility  and  incorporated  into  all  simulations  to  allow  computation  of 
diffraction  effects.  A  sequence  of  runs  is  also  performed  on  each  object  without 
diffraction  effects  for  comparison.  Full  polarimetric  RCS  amplitude  data  is  stored  in  the 
*.rcs  file  for  each  simulation.  Modified  versions  of  these  files  (sans  first  13  lines  of 
textual  header  information)  are  used  as  input  files  for  a  series  of  Matlab  scripts  written  to 
format/display  the  collected  data. 

Tables  3  &  4  list  many  of  the  simulation  default  settings  for  various  simulations. 
Selection  of  these  defaults  proceeds  from  the  Xpatch  bistatic  capabilities  (limitations) 


Table  3:  Monostatic  Xpatch  Default  Settings 


Xpatchf 

Settings 

Enabled 

Object  A 

Object  B 

Object  C 

PO  solution  for 
first  bounce 

Y 

Y 

Y 

Edge  diffraction 

Y/N 

Y/N 

Y/N 

Divergence 

Factor 

N 

N 

N 

Scattering 
contribution 
from  all 
bounces,  with 
blockage  checks 
(GTD  option) 

N 

Y  | 

Y 

Scattering 
contribution 
from  all 
bounces, 
without 

blockage  checks 
(GTD  option) 

Y 

Y 

Y 
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Table  4:  Bistatic  Xpatch  Default  Settings 


Xpatchf 

Settings 

Enabled 

Object  A 

Object  B 

Object  C 

SBR  solution  for 
all  bounces 

Y 

Y 

Y 

Edge  diffraction 

Y/N 

Y/N 

Y/N 

Divergence 

Factor 

N 

N 

N 

Scattering 
contribution 
from  all 
bounces,  with 
blockage  checks 
(GTD  option) 

N 

Y 

Y 

Scattering 
contribution 
from  all 
bounces, 
without 

blockage  checks 
(PTD  option) 

Y 

Y 

Y 

being  investigated.  The  first  item  for  review  is  Xpatch’ s  basic  PO  prediction  algorithm. 
To  determine  if  this  is  working  correctly,  specular  amplitudes  should  correspond  to 
measured  and  hand-computed  values  and  specular  sidelobe  structure  should  be  stable. 
The  PTD  implementation  is  investigated  for  its  ability  to  accurately  account  for  edge 
diffraction  phenomena.  Both  of  these  can  most  readily  be  observed  from  Object  A’s 
signature.  Object  B  and  C’s  geometries  provide  an  opportunity  to  inspect  the 
contribution  of  intermediate  bounce  reflections  (with  and  without  blockage)  and 
shadowing  effects.  They  can  also  highlight  edge  diffraction  effects  for  more  complex 
geometries. 
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Matlab  Scripts: 


Matlab  v5.3  is  the  application  of  choice  for  extracting,  formatting,  and  manipulating 
the  measured  and  simulated  data.  Raw  measured  data  was  presented  in  two  different 
formats  from  MRC  and  JRC.  Simulated  data  came  in  a  third,  Xpatch-specific  ascii  text 
file  format.  Therefore,  a  common  simulation  environment  in  which  all  data  could  be 
formatted  and  manipulated  was  desired.  Matlab  handily  met  the  requirement. 

Original  script  and  function  files  were  developed  to  handle  several  different  tasks. 
Some  extract  and  generate  RCS  amplitude  and  phase  data  from  the  measured  data  sets 
and  write  it  to  new  ascii  text  tab-delimited  files.  Others  cull  amplitude  data  from  either 
these  new  measured  data  files  or  the  Xpatch  data  files  based  on  user-specified  options. 
Up  to  seven  inputs  are  requested  from  the  user  before  these  types  of  scripts  are  executed. 
Although  not  common  to  every  m-file,  the  required  data  are  usually:  1)  the  desired  object, 
2)  the  RF  of  interest,  3)  the  polarization,  4)  the  Tx  illumination  angle,  5)  the  Rx  look 
angle,  6)  the  figure  number  to  which  the  data  is  plotted,  and  7)  the  plot  line  type.  After 
finding  the  requested  information  the  script  plots  the  data  to  a  given  figure  number. 
Other  scripts  perform  actions  such  as  computing  RCS  averages  over  angular  regions, 
computing/displaying  the  difference  vector  between  two  data  sets,  and  printing  the  plots 
to  .tiff  and  postscript  files.  Table  4  summarizes  the  function  of  the  more  important 
scripts  and  Appendix  C  contains  a  complete  printout  of  each  script  file.  These  scripts 
were  used  to  create  all  the  plots  contained  in  the  next  section,  Results  &  Analysis. 
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Table  5:  Matlab  Script  File  Description 


Script 

Filename 

Script  Function 

kell.m 

Extracts  Kell’s  equivalent  bistatic  RCS  from 

MRC  monostatic  data  file  and  prints  to  screen. 

kellj.m 

Extracts  Kell’s  equivalent  bistatic  RCS  from  JRC 
monostatic  data  file  and  prints  to  screen. 

crisp.m 

Extracts  Crispin’s  equivalent  bistatic  RCS  from 
MRC  monostatic  data  file  and  prints  to  screen. 

crispj.m 

Extracts  Crispin’s  equivalent  bistatic  RCS  from 

JRC  monostatic  data  file  and  prints  to  screen. 

jplott.m 

Plots  desired  JRC  measured  bistatic  data  to  screen 

splott.m 

Plots  desired  Xpatch  bistatic  measured  data  to 
screen 

plotmon.m 

Plots  desired  MRC  measured  monostatic  data  to 
screen 

jplotmon.m 

Plots  desired  JRC  measured  monostatic  data  to 
screen 

splotmon.m 

Plots  desired  Xpatch  monostatic  data  to  screen 

avg.m 

Plots  the  sliding-window  average  of  given  RCS 
matrix  based  on  input  window  size 

fd.m 

Computes/displays  difference  vector  between 
measured  bistatic  data  vector  (loaded  with  jplott.m 
script)  and  input  RCS  matrix 

printt.m 

Prints  given  figure  number  to  postscript  and  .tif- 
format  (no  compression)  files 
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IV.  Results  &  Analysis 


Data  analysis  proceeds  though  two  distinct  phases:  1)  a  comparison  of  Xpatch 
predicted  data  to  the  measured  data,  and  2)  a  comparison  of  the  MBET  predictions  to  the 
measured  data.  The  collected  data  spans  a  large  frequency  bandwidth  and  angular 
extent,  but  only  discrete  frequencies  and  limited  angular  regions  can  be  reasonably 
analyzed.  By  its  very  nature,  the  research  also  focuses  on  only  smaller  angle  bistatics, 
but  a  few  larger  bistatic  angle  measurements  are  referenced  for  clarification  of  some 
items.  The  following  analysis  investigates  each  bistatic  target  signature  at  only  two 
frequencies  (one  low,  one  high)  for  a  given  angular  region  less  than  110  degrees  in  width 
(defined  by  the  Rx  azimuth  angle  position,  (3,  relative  the  aforementioned  0  degree 
reference  for  each  object).  Two  RFs  are  chosen  near  either  end  of  the  collection 
spectrum  to  help  differentiate  any  resonance  region  effects  which  may  be  notable  at 
lower  frequencies. 

The  presentation  of  the  data  follows  the  same  pattern  for  all  objects.  Pattern  cut  plots. 


Table  6:  Primary  Analysis  Matrix 


Test  Object 

Frequency 

Analyzed 

(GHz) 

Investigation 

Rx  Look  Angle 
Region 
Reviewed 
(deg) 

Xpatch 

Kell’s/ 

Crispin’s 

MBET 

A 

8,14 

X 

0-110 

8,14 

X 

0-110 

B 

8,15 

X 

0-110, 110-160 

8,12 

X 

0-110 

C 

8,15 

X 

0-110, 110-160 

8,15 

X 

0-110 
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difference  plots,  and  ray  trace  diagrams  are  the  main  conveyors  of  information.  For 
consistency’s  sake  pattern  cut  plots  typically  show  RCS  amplitude  data  as  a  function  of 
the  Rx  look  angle,  p,  relative  to  the  0  reference  position,  not  as  a  function  of  bistatic 
angle.  The  difference  plots  are  only  used  to  help  visualize  the  MBET  pattern  cut  data 
discrepancies.  They  show  the  subtraction  of  the  measured  data  from  the  MBET 
prediction  as  a  function  of  Rx  look  angle,  (positive  data  indicates  that  the  MBET  predicts 
a  higher  amplitude  than  is  measured).  Ray  trace  diagrams  help  explain  the  scattering 
mechanisms  reviewed  in  the  Scattering  Analysis  and  Xpatch  Analysis  sections. 

The  matrix  of  analyzed  data  is  summarized  in  Table  5.  The  higher  frequency  values 
differ  amongst  targets  to  maximize  the  RF  coverage  and  to  provide  sufficient  data  for 
investigation.  This  later  point  will  become  readily  apparent  when  discussing  Kell’s 
equivalent  bistatic  RCS  computations.  Pattern  cut  plots  of  all  measured  monostatic  and 
bistatic  RCS  data  analyzed  in  the  section  are  provided  in  Appendix  B  for  review.  The 
data’s  origin  is  also  annotated. 

Xpatch  Analysis: 

Xpatch  has  demonstrated  ample  capability  for  predicting  monostatic  signatures  in  the 
past,  so  a  direct  comparison  between  Xpatch  predictions  and  the  measured  monostatic 
data  sets  is  unnecessary.  The  discussion  instead  begins  with  an  inspection  of  the  bistatic 
data  collected  against  the  flat  plate  (Object  A). 

Object  A: 

As  mentioned  the  Tx  illumination  angle,  a,  is  broadside  to  the  flat  plate.  It  produces 
a  distinct  specular  scattering  signature  characterized  by  a  narrow  main  lobe  at  P=0 


61 


degrees,  sidelobe  activity  through  60-70  degrees,  and  diffraction  effects  through  edge-on 
incidence  ((3=90  degrees).  Figures  20-2 la-b  show  the  patterns  for  8  &  15  GHz  (VV-pol 
&  HH-pol)  for  the  measured,  Xpatch’s  PO,  and  Xpatch’s  PTD  solutions.  Immediately 
one  notices  the  similarity  in  lobing  structure,  amplitude,  and  null  placement  for  the  first 
30-40  degrees.  This  is  expected.  The  PO  solution  begins  to  diverge,  especially  at  HH- 
pol,  from  the  measured  data  due  to  a  lack  of  diffraction  inclusion.  The  PTD  solution 
correlates  to  the  measured  data  to  a  greater  extent,  but  on  average  predicts  higher  than 
measured  through  (3  =  90  degrees,  and  the  lobes  appears  to  be  skewed  toward  higher 
bistatic  angles.  At  p  =  90  degrees  a  large  discontinuity  appears  in  all  the  predicted 
solutions.  This  may  be  explained  by  considering  a  limitation  in  the  PO  computation. 
Through  p  =  90  deg.  the  Rx  sees  two  edges,  at  90  deg.  the  far  edge  disappears,  and 
beyond  90  deg.  (in  the  shadow  region)  it  remains  invisible  because  no  PO  currents  are 
computed  there.  One  draws  two  conclusions  based  on  these  findings.  1)  the  PTD 
solution  is  either  not  being  computed  correctly  within  Xpatch2.4d  or  is  insufficient  for 
predicting  the  bistatic  behavior  of  such  a  diffraction,  and  2)  no  provision  exists  to  account 
for  edge  diffraction  effects  from  shadowed  features. 

A  corollary  observation  should  be  noted  here.  The  discrepancy  in  the  null/lobe 
positions  could  indicate  that  either  the  measured  data  is  faulty  (e.g.  the  alignment  of  the 
object  and  Tx/Rx  antennas  is  slightly  off)  or  the  Xpatch  prediction  is  in  error.  More 
information  regarding  the  strict  measurement  conditions  is  needed  to  conclusively  state 
the  more  likely  situation,  but  based  on  Xpatch’s  clear  inability  at  p  =  90  degrees,  all 
measured  data  are  regarded  as  more  exact  in  this  situation. 
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Objects  S  &  C: 

Our  discussion  continues  by  moving  to  the  more  complex  geometries.  The  analysis 
for  both  targets  is  conducted  simultaneously  to  highlight  Xpatch’s  weaknesses, 
unanticipated  strengths,  and  to  discuss  the  various  scattering  mechanisms  which  form  the 
overall  scattered  signature.  It  should  be  noted  at  this  point  that  target  features  are 
between  0.67  and  14.03  lambda  depending  on  the  frequency  of  interest.  Table  7 
summarizes  some  of  the  target  feature  electrical  sizes.  Some  experts  define  electrically 
large  as  anything  greater  than  3*.  [17],  but  more  commonly  its  referred  to  as  feature 


Table  7:  Electrical  Size  of  Various  Object  Features 


Electrical 

Size  (LA) 

Object 

Feature 

8 

GHz 

12 

GHz 

14 

GHz 

15 

GHz 

B/C 

Dihedral  length  ] 

0.67 

1.00 

1.17 

1.25 

B/C 

Cylinder  diameter 

2.04 

3.06 

3.57 

3.83 

B 

Flat  plate  height 

7.48 

11.22 

13.0(P 

14.03 

B 

Canted  cylinder  height 
(to  low  point  on  open 
end) 

3.72 

5.58 

6.51 

6.98 

c 

Large  cylinder  height 

5-75 

8.62 

10.06 

10.78 

B/C 

Small  cylinder  height 

3.57 

5.36 

6.25 

6.70 

lengths  larger  than  10X.  Due  to  the  small  nature  of  some  features  (i.e.  the  dihedral  and 
cylinder  diameters),  Xpatch  should  not  perform  well  at  lower  frequencies  (i.e.  8  GHz). 

The  following  discussion  only  compares  Xpatch’s  default  PTD  solution  to  the 
measured  data.  The  default  PTD  solution  computes  the  PO  field  from  the  first  and  last 
bounce  points  and  adds  any  edge  diffraction  present.  For  these  objects,  edge  diffraction 
contributions  should  be  relatively  small  from  almost  any  vantage  point,  and  summing  the 
PO  component  from  all  bounces  shouldn’t  add  appreciably  to  the  overall  signature.  This 
supposition  seems  legitimate  after  a  review  of  several  PO  and  PTD  computations  as 
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Flture  22a-d:  Object  B,  Bistatic  Xpatch  RCS  Predictions  PO  vs.  PTD  Solutions,  a)  W-pol, 
t  GHi,  0-110 deg  p  angle;  b)  HH-pol,  8  GHz,  0-ll0deg  (5  angle;  c)  VV-pol.  14  GHz,  0-110 
deg  0  angle,  d)  HH-pol,  14  GHz,  0-110  deg  P  *»«** 

shown  in  Figures  22-23.  For  all  practical  purposes  the  signatures  from  the  four  PO  and 
PTD  solutions  are  the  same,  so  only  comparing  one  against  the  measured  data  is 
necessary.  The  default  Xpatch2.4d  PTD  computation  is  the  chosen  prediction.  The  Tx 
illumination  angle,  a,  is  also  annotated  on  each  pattern  cut  plot  with  a  dashed  vertical  line 
for  the  reader’s  convenience.  Remember  that  no  measured  data  exists  within  -I-/-4 
degrees  of  the  a  angle. 
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IS  | 


Object  C:  Xpatch  Bistafic  Pattern  Cut  HH-Pol.  B.O  GHz 


a) 


Object  C:  Xpatch  Bistatic  Pattern  Cut  W-Poi,  8  0  GHz 


- PO  SotuSon,  RreMaet  bounce  summed 

—  PTD  Solution,  Rretlast  bounce  iiimied 

- PTD  Solution,  All  bounces  with  blockage  check 

PTD  Solution,  AM  bounces  no  blockage  check 


Rx  Look  Angle  (deg) 


Object  C:  Xpatch  B stake  Pattern  Cut  W-Pd,  15.0  GHz 


Object  C:  Xpatch  Bistatic  Pattern  Cut  HH-Pol,  15,0  GHz 


Figure  23a-d:  Object  C,  Bistatic  Xpatch  RCS  Predictions  PO  vs.  PTD  Solutions,  a)  W-pol, 
8  GHz,  0-110  deg  p  angle;  b)  HH-pol,  8  GHz,  0-110  deg  p  angle;  c)  W-pol,  15  GHz,  0-110 
deg  P  angle,  d)  HH-pol,  15  GHz,  0-110  deg  p  angle 


The  analysis  begins  with  a  review  of  the  simpler  target,  Object  C.  This  object  is 
simpler  in  the  sense  that  no  large  shadowing  geometry  is  present  nor  is  there  a  canted 
cylinder  into  which  directly  incident  energy  can  couple  and  be  scattered. 

In  evaluating  the  measured  data’s  lobing  structure  in  Figures  24  &  25,  one  notices 
what  appears  to  be  two  main  reflection  sources  beating  in  and  out  of  phase  over  most  of 
the  covered  region.  They  are  most  likely  specular  in  nature  and  evolve  directly  from  the 
cylinder  bodies  due  to  the  similarity  between  polarizations.  An  inspection  of  Xpatch’ s  ray 
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trace  history  (Figs.  28  &  29)  support  this  hypothesis.  A  small  amount  of  multi-bounce 
interaction  between  cylinders  is  present  but  is  probably  small  enough  so  as  not  to 
compete  with  the  main  cylinder  speculars.  The  dihedral  probably  isn’t  a  significant 
scatterer  at  these  frequencies  or  a  larger  return  would  be  present  near  the  transmitter 
illumination  angle.  Xpatch  predicts  the  signatures  surprisingly  well  even  at  the  lower 
frequency.  The  higher  frequency  lobes  (Fig.  25)  appear  to  be  slightly  skewed  toward 
higher  bistatic  angles  than  the  true  data,  but  the  amplitudes  are  for  the  most  part  correct. 
The  discrepancies  may  be  due  to  a  slight  misalignment  of  the  target  during  measurement, 
which  could  produce  small,  second-order  surface  wave  and  diffraction  effects. 

At  larger  bistatic  angles  (Figs  26-27),  the  correlation  isn’t  quite  as  good,  but  Xpatch 
predictions  remain  within  5  dB  of  the  measured  data  for  much  of  the  region.  The 
specular  reflections  from  each  cylinder  being  much  less  pronounced  here  are  probably 
responsible  for  the  Xpatch  divergence  (additional  reflection  sources  are  beginning  to 
compete).  Again,  the  simulated  data  also  seems  to  be  shifted  toward  larger  p  angles.  The 
measured  data  may  be  undersampled  or  clipped  near  135  degrees  in  Fig.  27.  One  may 
expect  to  see  a  large  specular  spike  at  this  angle  in  the  predicted  data  due  to  the  facetized 
geometry.  The  curved  surface  of  each  cylinder  is  actually  represented  by  flat  sections, 
some  of  which  are  aligned  such  that  they  should  produce  a  specular  reflection  in  that 
direction  (via  Snell’s  law).  The  Xpatch  data  generally  shows  a  null  in  that  region  similar 
to  the  measured  data  (although  not  as  deep)  leading  one  to  conclude  that  there  is  some 
phasor  dependency  to  the  nature  of  the  speculars.  If  this  were  true,  simulations  at  higher 
frequencies  should  effectively  minimize  the  effect  of  all  phasor  interactions  and  produce 
a  strong  specular  at  135  deg.  Figure  30  reveals  such  a  spike. 
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RCS  (dBsm)  w  RCS  (dBsm) 


Rx  Look  Angle  (deg) 


Rx  Look  Angle  (deg) 


Figure  25a-b:  Object  C,  Bistatic  Xpatch  Predictions  (PTD)  vs. 
Measured  (JRC)  Data,  15  GHz,  0-110  degrees  Rx  look  angle, 
a)  W-pol,  b)  HH-pol 


m 


RCS  (dBsm)  w  RCS  (dBsm) 


RCS  (dBsm)  w  RCS  (dBsm) 


Object  C:  Bistatic  Pattern  Cut:  W-Pol,  15.0  GHz 
45  deg  Tx  illumination  angle 


Object  C:  Bistatic  Pattern  Cut:  HH-pol,  15.0  GHz 
45  deg  Tx  illumination  angle 


Figure  27a-b:  Object  C,  Bistatic  Xpatch  Predictions  (PTD)  vs. 
Measured  (JRC)  Data,  15  GHz,  110-160  degrees  Rx  look  angle, 
a)  W-pol,  b)  HH-pol 


72 


c) 


Object 
lgle)  at  j 


Figure  29a-c: 
azimuth  (p  an 
blue  =  2  boun 


T 


Object  C:  Xpatch  Bistatic  Pattern  Cut:  W  &  HH-Pol,  40.0  GHz 
45  deg  Tx  illumination  angle 


Figure  30:  Object  B  Co-pol  Bistatic  Xpatch  PTD  Prediction  at  40  GHz,  P 
angle  110-160  degrees 


The  above  discussion  demonstrates  that  Xpatch  2.4d  can  predict  reasonably  accurate 
bistatic  signatures  from  more  complex  geometries  even  if  they  don’t  meet  the  standard 
electrically  large  criteria.  Such  objects  need  to  be  comprised  of  surfaces  which  support 
several  specular  reflections  with  a  wide  angular  distribution  (i.e.  cylinders).  This 
analysis  leads  us  to  another  conclusion  regarding  Xpatch.  If  one  can  infer  through 
inspection  that  the  dominant  bistatic  reflection  mechanisms  from  a  target  are  specular  in 
nature,  the  Xpatch  predictions  should  be  fairly  accurate  (and  conversely,  if  one  cannot, 
then  the  Xpatch  predictions  will  be  less  accurate).  Lobing  structure  of  the  patterns  may 
become  skewed  toward  larger  bistatic  angles  at  higher  frequencies,  but  lobe  amplitude 
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and  null  presence  should  be  close  to  the  real  thing.  One  clearly  distinctive  characteristic 
of  this  type  of  object  is  a  lack  of  significant  shadowing  features,  which  could  mask 
specular  effects. 

To  reinforce  the  conclusion,  inspection  of  a  target  for  which  large  specular  reflections 
cannot  be  guaranteed  from  all  a  angles  should  be  accomplished.  Object  B  provides  just 
such  a  geometry  because  of  the  large  flat  plate  on  one  end.  The  first  110  degrees  of  Rx 
coverage  are  shown  in  Figures  31  and  32  (8  and  15  GHz).  Clearly  Xpatch  does  not 
produce  nearly  as  adequate  a  prediction  as  before.  Discrepancies  are  explained  as 
follows. 

The  receiver  is  looking  at  the  front  of  the  flat  plate  from  a  =  0  to  45  degrees.  In  this 
region  one  expects  to  see  mostly  sidelobe  activity  associated  with  the  plate’s  specular 
reflection  which  occurs  near  a  =  -45  deg  (not  shown).  The  lobe  structure  should  be 
uniform  with  steadily  increasing  amplitude  as  one  approaches  smaller  a  angles,  and  this 
is  exactly  what  is  present.  Xpatch  predictions  are  consistent  with  measured  data  (albeit 
shifted,  again)  until  close  to  the  transmitter  illumination  angle,  at  which  point  they 
diverge.  Between  a  =  30-40  deg.  Xpatch  is  predicting  higher  than  expected  results  for 
the  lower  RF.  An  exact  cause  is  unknown,  but  inaccuracy  of  the  PTD  implementation  is 
suspected.  A  similar  situation  existed  for  Object  A’s  return  near  a  =  70  deg.  at  lower 
RFs  (see  Figs  20-21). 

Beyond  a  =  45  deg.,  the  canted  cylinder  is  illuminated  completely  but  not  the  shorter 
cylinder  as  shown  in  the  ray  trace  diagrams  of  Figs.  35-36.  Therefore,  only  a  single 
direct  reflection  analogous  to  one  of  Object  C’s  speculars  (namely  from  the  canted 
cylinder)  is  now  present.  The  nature  of  the  remaining  scattering  pattern  is  changed 
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accordingly.  The  lobing  structure  of  Fig  31  suggests  that  once  again  two  scatterers  are 
beating  against  each  other  at  W-pol  but  probably  not  at  HH-pol.  This  implies  the 
presence  of  additional  scattering  mechanisms  whose  amplitudes  are  roughly  the  same  as 
the  speculars  in  this  region.  Some  non-specular  effects  will  be  more  noticeable  at  certain 
polarizations.  The  anticipated  trend  is  that  they  will  contribute  to  the  measured  signature 
more  at  lower  frequencies,  especially  at  HH-pol,  and  cause  the  Xpatch  and  measured  data 
to  be  more  dissimilar  than  for  Object  C. 

A  single  specular  reflection  from  the  canted  cylinder,  diffraction  from  the  plate  edge, 
multi-bounce  between  cylinders,  some  specular  or  cavity  effects  from  within  the  canted 
cylinder,  and  nominal  surface  wave  effects  are  all  suspected  of  competing  throughout 
much  of  this  region.  At  VV-pol  the  two  dominant  scatterers  are  most  likely  an  edge 
diffraction  from  the  flat  plate  and  the  specular  from  the  canted  cylinder.  Because  neither 
is  as  strong  as  the  cylinder  speculars  noted  on  Object  C,  other  non-specular  effects  may 
contribute  more  or  less  to  the  overall  measured  pattern  and  not  be  predicted  by  Xpatch’s 
PO  solution.  The  effect  is  witnessed  in  Xpatch’s  lower  amplitude  computations  than  the 
measured  data  even  at  larger  bistatic  angles  (Figs  33-34).  One  contribution  to  the  higher 
VV-pol  measurement  data  which  cannot  be  captured  by  Xpatch  is  the  TM311  cavity  mode 
supported  by  the  cylinder  at  8.0  GHz.  The  cavity  does  not  completely  support  any  other 
mode  at  15  GHz,  helping  to  explain  the  better  correlation  there.  At  HH-pol  the  plate  edge 
diffraction  does  not  exist,  leaving  other  sources  free  to  compete  with  the  cylinder 
specular.  Surface  wave  effects  on  the  cylinders’  would  be  most  pronounced  at  this 
polarization,  and  because  their  effect  diminishes  with  increasing  frequency,  one  expects 
better  correlation  of  the  HH-pol  data  at  15  GHz.  This  is  observed  in  the  figures.  Overall 
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the  presence  of  non-specular  components  whose  amplitudes  are  on  the  same  order  as  the 
one  specular  yield  a  greater  dissociation  between  the  measured  and  Xpatch  data. 

We  can  summarize  the  observation  as  another  conclusion  for  Xpatch2.4d  analysis  as 
a  whole.  Namely,  if  upon  inspection  of  an  object  one  determines  that  a  large  shadowing 
feature  or  cavity  exists,  then  bistatic  Xpatch  predictions  may  be  lower  than  the  true 
signature.  If  one  determines  that  only  a  single  direct  specular  reflection  is  likely  to  be 
present,  especially  those  with  low,  broad  angular  distribution  (i.e.  from  curved  surfaces), 
additional  non-specular  or  multi-bounce  scattering  mechanisms  can  arise  and  be  of 
similar  amplitude.  They  could  compete  with  the  specular  in  such  a  way  as  to  make  the 
Xpatch  prediction  even  less  accurate,  especially  for  small  electrically  sized  objects.  At 
worst,  Xpatch  will  be  incapable  of  accurately  predicting  the  bistatic  RCS  with  any  degree 
of  certainty.  Ray  tracing  can  lend  significant  insight  into  determining  the  presence  and 
origin  of  the  specular  to  assist  in  the  evaluation. 

This  conclusion  isn’t  entirely  unexpected.  By  it’s  very  nature  Xpatch  should  not 
perform  well  for  smaller  objects  and  lower  frequencies.  Low  frequency  techniques  (e.g. 
method  of  moments)  are  better  poised  to  handle  predictions  in  this  arena.  However, 
because  they  can  be  computationally  expensive  and  time  consuming,  some  incorporate 
derivations  of  Kell’s  or  Crispin’s  MBET  as  a  speed  enhancing  option  [32],  These  two 
MBETs  are  to  be  investigated  in  the  next  section  for  their  suitability  for  predicting  the 
signatures  of  these  same  test  objects. 
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RCS  (dBsm)  RCS  (dBsm) 


a) 


Object  B:  Bistatic  Pattern  Cut:  W-Pol,  8.0  GHz 
45  deg  Tx  illumination  angle 


Object  B:  Bistatic  Pattern  Cut:  HH-Pol,  8.0  GHz 
45  deg  Tx  illumination  angle 


Figure  33a-b:  Object  B,  Bistatic  Xpatch  Predictions  (PTD)  vs. 
Measured  (JRC)  Data,  8  GHz,  110-160  degrees  Rx  look  angle 
a)  VY-pol,  b)  HH-pol 
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RCS  (dBsm)  w  RCS  (dBsm) 


a) 


Object  B:  Bi static  Pattern  Cut:  W-Pol,  15.0  GHz 
45  deg  Tx  illumination  angle 


Object  B:  Bistatic  Pattern  Cut:  HH-Pol,  15.0  GHz 
45  deg  Tx  illumination  angle 


Figure  34a-b:  Object  B,  Bistatic  Xpatch  Predictions  (PTD)  vs. 
Measured  (JRC)  Data,  15  GHz,  110-160  degrees  Rx  look  angle 
a)  W-pol,  b)  HH-pol 
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Figure  35a-c:  Object  B  Ray  Trace,  45  deg  Tx  illumination  angle  (a);  Rx  position  in 
azimuth  (P  angle)  at  a)  15  deg,  b)  30  deg,  c)  45  degrees.  Key:  green  =  single  bounce; 
blue  =  2  bounces;  orange  =  3  or  more  bounces. 
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Figure  36a-c:  Object  C  Ray  Trace,  45  deg  Tx  illumination  angle  (a);  Rx  position  in 
azimuth  ((3  angle)  at  a)  60  deg,  b)  90  deg,  c)  105  degrees.  Key:  green  =  single  bounce; 
blue  =  2  bounces;  orange  =  3  or  more  bounces. 
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Kell’s  and  Crispin’s  MBET: 


As  was  mentioned  in  Chapter  2,  one  expects  both  monostatic-to-bistatic  equivalence 
theorems  to  perform  better  for  specular  reflections,  especially  near  the  transmitter 
illumination  angle.  Like  Xpatch,  they  are  not  expected  to  perform  well  in  situations 
where  shadowing  effects,  surface  waves,  or  multi-bounce  dominates,  because  the  theory 
upon  which  each  is  based  does  not  predict  these  phenomena  well.  They  may  predict 
diffraction  effects  fairly  well  due  to  their  large  angular  distribution.  However,  the 
treatment  of  an  object’s  signature  as  an  average  response  over  a  limited  angular  or  time 
extent  may  have  been  among  the  authors’  original  intentions  [6,7].  This  suggests  another 


Table  8:  Mean  and  Standard  Deviation  of  Difference  Plot  Amplitudes  For 
Available  MBET  Data,  0  <  P  <  110  degrees,  Object  A 


MBET 

Data  (dBsm  units) 

No  averaging 

$  GHz 

14  GHz 

Polarization 

Mean 

Standard 

deviation 

Polarization 

Mean 

Standard 

deviation 

Kell’s 

VV-pol 

2.8487 

HH-pol 

e mm 

EfcUUi 

HH-pol 

gKETO 1 

5.2975 

Crispin’s 

VV-pol 

e mm 

VV-pol 

2.0229 

HH-pol 

HH-pol 

-1.1062 

6.2325 

5  DEG  WINDOW  AVERAGE 

8  GHz 

14  GHz 

Kell’s 

VV-pol 

EH 

VV-pol 

KQHB 

HH-pol 

pyaT.Vjjgfffl 

HGim 

HH-pol 

0.3504 

H9I 

Crispin’s 

VV-pol 

1.4931 

VV-pol 

-1.0174 

1.1400 

HH-pol 

3.1404 

HH-pol 

-0.2718 

2.7822 

9  DEG  WINDOW  AVERAGE 

8  GHz 

Kell’s 

VV-pol 

-0.2590 

0.8255 

VV-pol 

-0.1740 

0.7957 

HH-pol 

HH-pol 

0.6378 

0.6378 

Crispin’s 

VV-pol 

1.2189 

VV-pol 

-0.8707 

1.0487 

HH-pol 

HH-pol 

-0.1355 

2.1716 
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way  of  viewing  the  MBET  data.  Specifically,  if  the  data  were  averaged  in  some  way  to 
better  reflect  an  average  signature,  the  MBET  performance  may  improve.  With  this  in 
mind,  each  signature  is  averaged  with  a  5  and  9  degree  sliding  window  and  the  ensuing 
analysis  accompanies  that  of  the  untreated  returns. 

Object  A: 

Object  A  is  reviewed  first  for  its  dominant  specular  and  distinguishable  diffraction 
component.  The  measured  and  MBET  bistatic  signatures  at  8  and  14  GHz  are  shown  in 
Figs.  37a-c  (8  GHz  VV-pol),  38a-c  (8  GHz  HH-pol),  39a-c  (14  GHz  VV-pol),  and  40a-c 
(14  GHz  HH-pol).  Figures  41-44  show  the  same  data  averaged  with  a  5  degree  sliding 
window  and  in  Figs.  45-49  apply  a  9  degree  sliding  window  is  applied.  Table  8  lists  the 
mean  and  standard  deviation  for  each  difference  plot  to  aid  in  the  evaluation  process. 
One  immediately  notes  one  of  the  primary  limitations  of  Kell’s  derivation  in  the  14  GHz 
plots  (Figs.  32, 33, etc.);  namely,  that  due  to  the  frequency  shift  accompanying  the 
increase  in  bistatic  angle,  the  workable  data  set  for  use  with  Kell’s  approximation  must 
be  larger  than  that  used  for  Crispin’s.  Kell’s  MBET  for  an  equivalent  bistatic  frequency 
of  14  GHz  has  a  limited  angular  extent  of  41  degrees  because  the  next  higher  angle’s  data 
corresponds  to  a  measurement  in  the  quasi-monostatic  data  set  above  1 5  GHz. 

Inspection  of  Object  A’s  measured  and  MBET  bistatic  signatures  reveals  good 
correlation  through  approximately  30  degrees  Rx  look  angle  for  both  polarizations.  The 
difference  plots  are  somewhat  misleading  in  their  portrayal  of  the  correlation  for  the  first 
30  degrees  of  azimuth.  The  specular  peaks  predicted  by  both  MBETs  at  0  deg  is  close  to 
the  PO  prediction  (16.1  and  21.0  dBsm)  and  the  lobing  structure  through  approximately 
30  degrees  azimuth  is  a  close  match,  although  the  MBET  predicted  sidelobes  seem  to  be 
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slightly  skewed  toward  the  peak  specular.  The  quasi-monostatic  nature  of  the  monostatic 
data  set  may  account  for  some  of  the  shift.  Limitations  of  the  MBETs  probably  become 
more  significant  at  larger  p  angles.  The  net  effect  is  captured  and  exaggerated  in  the 
difference  plots  as  a  wildly  fluctuating  amplitude  for  P  angles  between  40  and  70 
degrees.  But  notice  that  the  shifting  seems  to  diminish  with  increasing  frequency,  and 
therefore,  Figs.  39  &  40  difference  plots  are  more  well  behaved.  Beyond  30  degrees  both 
approximation  appears  equally  poor  at  predicting  the  position  or  amplitude  of  the 
sidelobes.  As  the  Rx  nears  90  degrees  (edge-on),  diffraction  effects  should  be  visible  for 
VV-pol  but  not  HH-pol.  Both  MBETs  predict  the  edge  diffraction  at  VV-pol  lower  than 
measured,  with  Crispin’s  being  slightly  worse.  For  HH-pol  both  MBETs  predict 
amplitudes  too  high  (by  approximately  10  dB)  at  90  degrees,  missing  the  null  entirely. 
This  is  understandable  considering  where  the  MBET  data  originates.  The  MBET  data 
plotted  in  Figs.  36a-39a  near  90  degrees  is  actually  being  generated  from  monostatic  data 
near  45  degrees  (monostatic  data  along  the  bisector).  Inspection  of  Figure  B-l  (Appendix 
B)  drives  the  point  home. 

Table  8  suggests  that  the  MBET  predictions  tend  to  be  lower  overall  than  actual 
levels  and  that  averaging  tends  to  increase  correlation  with  increasing  window  size  for 
the  entire  region  of  interest.  Caution  should  be  exercised  when  interpreting  these  results. 
The  shifting  of  the  MBET  lobing  structure  and  the  averaging  process  itself  could 
influence  the  eventual  mean  and  standard  deviation  significantly  even  though  a  subjective 
evaluation  of  the  data  reveals  an  improved  correlation.  For  this  reason  the  absolute 
values  in  Table  8  are  deemed  unimportant,  but  the  trend  between  analogous  values  for 
different  averaging  conditions  is  worthy  of  discussion.  For  the  entire  110  deg.  region  (in 
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which  data  exists),  the  mean  difference  and  standard  deviation  decrease  for  most 
situations  as  more  data  is  averaged  (increasing  window  size).  Overall  this  trend  appears 
correct,  but  more  insight  may  be  gathered  by  looking  at  amplitude  behavior  within  certain 
regions. 

Averaging  the  data  improves  correlation  for  certain  regions  of  the  plot.  The  net  effect 
of  averaging  this  type  of  data  is  to  reduce  peak  amplitudes  of  each  lobe  and  fill-in  the 
nulls.  This  increases  the  correlation  for  the  first  30  degrees  of  azimuth,  except  for  the 
large  spike  now  present  near  the  4  degree  position  in  some  plots.  This  spike  is  an  artifact 
of  the  averaging  process.  The  averaging  window  slides  over  the  data  points  in  the  data 
vector,  averaging  the  number  of  points  specified  by  the  window  width,  centered  on  the 
widow’s  middle  value.  Because  the  averaging  window  doesn’t  slide  over  an  entire 
window’s  width  of  data  points  for  the  first  few  elements  in  the  data  vector,  there  aren’t  as 
many  data  points  to  average.  Consequently  the  first  few  averaged  data  points  aren’t 
computed  from  the  same  number  of  elements.  Averaging  does  not  appear  to  improve 
correlation  near  90  degrees  significantly  for  either  frequency  or  polarization.  Notice  that 
as  the  data  is  averaged  Kell’s  and  Crispin’s  MBET  solutions  become  more  similar  for 
similar  polarizations  and  frequencies. 
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Object  A:  Bistatic  RCS:  HH-pol,  14.0  GHz,  0  deg  Tx  illumination  angle 
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Figure  40a-c:  Object  A,  HH-pol,  14  GHz 
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Object  A,  Difference  Plot  Kells  Equv.  Bistatic  RCS  (JRC] 
W-pol,  8  GHz,  0  deg  TX  illumination  angle,  All  data  ava 


gure  41a-c:  Object  A,  W-pol,  8  GF 
;gree  sliding  window 
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Object  A:  Bistatic  RCS:  HH-pol,  14.0  GHz,  0  deg  Tx  illumination  angle 
All  plots  averaged  with  5  deg  sliding  window 


Object  A,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  PCS  (JRC) 
HH-pol,  14  GHz,  0  deg  TX  illumination  angle,  All  data  averaged  with  5  deg  sliding  window 


[z,  Data  averaged  m 


ure  44a-c:  Object  A,  HH-pol,  14  GH 
[ree  sliding  window 


Object  A:  Bistatic  RCS:  W-pot,  8.0  GHz,  0  deg  Tx  illumination  angle 
All  plots  averaged  with  9  deg  sliding  window 
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Object  A,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pol,  8  GHz,  0  deg  TX  illumination  angle,  All  data  averaged  with  9  deg  sliding  window 
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Object  A, Difference  Plot:  Crispins  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pol,  8  GHz,  0  deg  TX  illumination  angle,  All  data  averaged  with  9  deg  sliding  window 


Rx  Look  Angle  (dag) 


Figure  45a-c:  Object  A,  W-pol,  8  GHz,  Data  averaged  with  9 
degree  sliding  window 
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Object  A,  Difference  Rot  Kells  Equiv.  Bistatic  RCS  (JRC 
HH-()of,  8  GHz,  0  deg  TX  illumination  angle,  All  data  avt 
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Object  A, Difference  Plot  Crispins  Equiv.  Bistatic  RCS  (JR 
HH-pof,  8  GHz,  0  deg  TX  illumination  angle,  All  data  aw 


Object  B  &  C: 

Objects  B  &  C  are  analyzed  in  tandem  to  differentiate  between  the  specular  and  non- 
specular  interactions  dominating  each  scattered  signature.  The  analysis  often  refers  to  the 
preceding  Xpatch  investigation  to  help  explain  and  quantify  MBET  performance.  The 
same  scattering  mechanisms  discovered  there  apply  here.  For  convenience,  the 
transmitter  illumination  angle,  a,  is  also  marked  with  a  dashed  vertical  line  on  the 
comparative  pattern  cut  plots. 

Figures  55-58  show  Object  B’s  MBET  predicted  patterns  at  8  &  12  GHz  for  0  <  P  < 
1 10  degrees,  Figs.  59-62  are  the  same  patterns  with  a  5  degree  average  applied,  and  Figs. 
63-66  show  the  data  with  a  9  degree  average  applied.  The  higher  RF  of  12  GHz  is 
chosen  to  allow  Kell’s  MBET  to  predict  a  larger  angular  region  than  was  accomplished 
for  Object  A.  Analogous  data  for  Object  C  are  shown  in  Figures  49-54  at  8  &  15  GHz, 
but  only  for  VV-pol.  The  MRC  monostatic  data  set  is  the  source  of  Object  C  MBET 
predictions,  so  a  higher  RF  can  be  accommodated  at  the  cost  of  the  second  polarization. 
Table  9  &  10  list  the  mean  and  standard  deviation  for  each  difference  plot  for  Objects  C 
and  B  respectively. 

Because  the  MBETs  are  derived  from  principles  similar  to  Xpatch’ s,  there  should  be 
some  similarity  in  the  data  analysis.  Similarities  should  be  confined  to  smaller  bistatic 
angles,  as  the  MBET  formulas  are  only  appropriate  here.  If  the  logic  follows,  the  MBET 
predictions  for  this  region  will  be  slightly  higher  than  measured  and  the  correlation 
should  improve  if  the  data  is  averaged.  One  also  expects  that  the  correlation  between 
MBET  and  measured  data  is  greater  for  Object  C  than  Object  B,  as  was  previously 
shown.  Again,  Object  C  is  reviewed  first. 
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Table  9:  Mean  and  Standard  Deviation  of  Difference  Plot  Amplitudes  For 
Available  MEET  Data,  0  <  (3  <  110  degrees,  Object  C 


MBET 

Data  (dBsm  units) 

No  averaging 

8  GHz 

15  GHz 

Polarization 

Mean 

Standard 

deviation 

Polarization 

Mean 

Standard 

deviation 

Kell’s 

VV-pol 

0.8874 

9.2136 

VV-pol 

-1.5727 

5.0074 

Crispin’s 

VV-pol 

-0.567 

8.7628 

VV-pol 

-2.0441 

5.8282 

5  DEG  WINDOW  AVERAGE 

8  GHz 

15  GHz 

Kell’s 

VV-pol 

EEB29H 

EEZSIMi 

Crispin’s 

VV-pol 

VV-pol 

-2.1352 

9  DEG  WINDOW  AVERAGE 

f  8  GHz 

Kell’s 

VV-pol 

2.5098 

Crispin’s 

VV-pol 

0.0604 

6.3712 

VV-pol 

-1.7037 

3.4829 

In  Figs  49-54,  the  receiver  collects  scattering  from  two  primary  specular  sources,  the 
cylinder  bodies  for  0  <  P  <  1 10  deg.  region.  The  MBET  data  exhibits  good  correlation  to 
the  measured,  especially  near  the  Tx  illumination  angle  as  expected.  Higher  RF 
predictions  are  slightly  low  here  (as  was  witnessed  in  the  Xpatch  predictions),  and  this 
lower  trend  characterizes  both  MBETs  at  larger  P  angles.  In  Table  9,  again  the  absolute 
values  of  the  mean  and  standard  deviation  are  ignored,  but  the  averaging  trend  is  studied. 
Averaging  the  data  seems  to  have  less  of  an  effect  than  it  did  for  Object  A.  It  seems  that 
for  complex  objects  whose  bistatic  signature  is  dominated  by  two  wide-angle  specular 
interactions,  both  MBETs  can  predict  reasonably  accurate  RCS  at  lower  frequencies 
where  the  specular  lobe  widths  are  wider.  The  extent  of  this  capability  is  limited  to 
bistatic  angles  of  less  than  15-20  degrees.  As  the  frequency  increases,  the  lobe  widths 
become  narrower  and  the  MBETs  begin  to  fail,  tending  to  predict  lower  RCS  than  should 
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Table  10:  Mean  and  Standard  Deviation  of  Difference  Plot  Amplitudes 
For  Available  MBET  Data,  0  <  P  <  110  degrees,  Object  B 


MBET 

Data  (dBsm  units) 

No  averaging 

8  GHz 

12  GHz 

Polarization 

Mean 

Standard 

deviation 

Polarization 

Mean 

Standard 

deviation 

Kell’s 

VV-pol 

1.8343 

5.4581 

VV-pol 

mssam 

5.6675 

oh 

KmiHi 

musiEm 

1.9024 

E&SSE9HI 

5  DEG  WINDOW  AVERAGE 

8  GHz 

12  GHz 

Kell’s 

VV-pol 

4.1543 

VV-pol 

4.1443 

HH-pol 

2.9753 

E2£H 

HH-pol 

hdushi 

Crispin’s 

4.2663 

VV-pol 

0.4485 

HH-pol 

3.5521 

HH-pol 

1.9383 

6.4762 

9  DEG  WINDOW  AVERAGE 

^  8  GHz 

12  GHz 

Kell’s 

1.6850 

BSSEEflH 

0.7658 

MSB35MM 

2.9874 

HgSEHHI 

2.4854 

Crispin’s 

VV-pol 

1.4909 

2.6556 

VV-pol 

0.9368 

3.0818 

HH-pol 

1.9617 

1.8444 

HH-pol 

2.5387 

3.2832 

be  expected.  The  bistatic  angles  for  which  the  approximations  work  is  correspondingly 
narrowed.  The  nature  of  the  scattering  centers  as  perceived  from  a  monostatic 
perspective  also  changes  as  a  function  of  the  bistatic  angle.  As  the  bistatic  angle 
increases,  the  disassociation  between  monostatic  and  bistatic  scattering  centers  becomes 
more  apparent,  leading  to  greater  discontinuity  between  measured  data  and  MBET 
predictions.  Averaging  the  data  provides  minimal  improvement  to  the  correlation 
between  the  measured  and  MBET  predicted  data  sets. 

In  Figs  55-58,  the  receiver  is  looking  at  the  flat  plate  of  Object  B  for  the  first  45 
degrees  and  at  the  cylinder  bodies  for  larger  p  angles.  One  expects  correlation  between 
the  MBET  predictions  and  the  measured  data  to  be  less  than  that  witnessed  for  Object  C 
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for  many  of  the  same  reasons  given  in  the  Xpatch  analysis.  This  is  in  fact  the  case. 
Discrepancies  between  MBET  and  measured  data  increase  as  the  p  angle  (starting  at  0) 
approaches  the  Tx  illumination  angle  for  VV-pol.  Both  MBET  predicted  lobing 
structures  near  0  deg  seem  shifted,  just  as  they  did  for  Object  A’s  sidelobe  structure, 
which  accounts  for  the  rapid  fluctuation  in  the  difference  plots.  As  p  approaches  a,  the 
MBETs  predict  high,  just  as  expected.  The  HH-pol  patterns  correlate  much  better  than 
Xpatch  predictions,  however,  for  small  bistatic  angles.  This  is  probably  due  to  the  fact 
that  the  MBET  plots  are  pulled  from  measured  monostatic  data.  Lower  order  effects, 
which  could  not  be  computed  by  Xpatch,  are  present  in  the  measured  data  and  are 
incorporated  into  the  MBET  bistatic  prediction.  Logically,  the  higher  RF  plots  should 
demonstrate  greater  correlation  as  some  of  the  non-specular  effects  become  smaller. 
Figure.  57-58  show  this  to  be  true. 

However,  the  useful  range  of  both  MBETs  is  limited  to  bistatic  angles  of 
approximately  10  degrees  for  VV-pol  and  15  degrees  at  HH-pol  for  the  higher  RF.  The 
large  shadowing  geometry  produces  even  greater  changes  in  the  nature  of  each  scattering 
center  from  monostatic  and  bistatic  perspectives  than  is  evident  for  Object  C.  In  other 
words,  the  monostatic  data  (from  which  the  MBETs  are  computed)  arise  from  scattering 
centers  with  even  less  similarity  to  the  true  bistatic  scattering  centers,  which  are  produced 
by  the  single  specular  and  non-specular  interactions.  Table  10  again  suggests  that 
averaging  the  data  does  not  improve  the  MBET  correlation.  In  fact  it  may  diminish  the 
correlation  in  certain  situations.  One  can  conclude  that  whenever  non-specular  effects 
contribute  markedly  to  the  overall  signature,  averaging  techniques  should  not  be  used  to 
improve  MBET  performance. 
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RCS  Amplitude  Difference  (dBsm)  RCS  Amplitude  Difference  (dBsm)  RCS  (dBsm) 


Object  C:  Bistatic  RCS:  W-pol,  8.0  GHz,  45  deg  Tx  illumination  angle 


Rx  Look  Angle  (deg) 

Object  C,  Difference  Plot  Kells  Equiv.  Bistatic  RCS  (MRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pd,  8  GHz,  45  deg  TX  illumination  angle 


Rx  Look  Angle  (deg) 


Object  C,  Difference  Plot:  Crispins  Equiv.  Bistatic  RCS  (MRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pd,  8  GHz,  45  deg  TX  illumination  angle 


Rx  Look  Angle  (deg) 


Figure  49a-c:  Object  C,  W-pol,  8  GHz 
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a) 


b) 


c) 


Object  C:  Bistatic  HCS:  W-pol,  15.0  GHz,  45  deg  Tx  illumination  angle 
All  plots  averaged  with  9  deg  slicing  window 


Object  C,  Difference  Rot:  Kells  Equiv.  Bistatic  RCS  (MRC)  -  Measured  Bistatic  RCS  (JRC) 


Figure  54a-c:  Object  C,  W-pol,  15  GHz,  Data  averaged  with  9 
degree  sliding  window 
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Object  B:  Bistatic  RCS:  W-pol,  8.0  GHz,  45  deg  Tx  illumination  angle 


Object  B,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pol,  8  GHz,  45  deg  TX  illumination  angle 


Object  B,  Difference  Plot  Crispins  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
W-pol,  8  GHz,  45  deg  TX  illumination  angle 
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Figure  55a-c:  Object  B,  W-pol,  8  GHz 
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Rx  Look  Angle  (deg) 


Figure  57a-c:  Object  B,  W-pol,  12  GHz 


Object  B:  Bistatic  RCS:  HH-pol,  12.0  GHz,  45  deg  Tx  illumination  angle 
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Figure  58a-c:  Object  B,  HH-pol,  12  GHz 
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Object  B:  Bistatic  RCS:  W-pol,  12.0  GHz,  45  deg  1 
All  plots  averaged  with  5  deg  sliding  wi 
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Object  B,  Difference  Rot:  Kells  Equiv.  Bistatic  RCS  (JRC)  -  K 
W-pol,  12  GHz,  45  deg  TX  illumination  angle,  All  data  average 
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Object  B, Difference  Rot  Crispins  Equiv.  Bistatic  RCS  (JRC)  - 
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Object  B.  Bistatic  HCS:  HH-pol,  12.0  GHz,  45  deg  Tx  illumination  angle 
All  plots  averaged  with  5  deg  sliding  window 
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Object  B,  Difference  Rot:  Kells  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
HH-pol,  12  GHz,  45  deg  TX  illumination  angle,  Alt  data  averaged  with  5  deg  sliding  window 
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Object  B, Difference  Rot:  Crispins  Equiv.  Bistatic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
HH-pol,  12  GHz,  45  deg  TX  illumination  angle.  All  data  averaged  with  5  deg  slicing  window 
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Figure  62a-c:  Object  B,  HH-pol,  12  GHz,  Data  averaged  with  5 
degree  sliding  window 


RCS  Amplitude  Difference  (dB*m)  RCS  Amplitude  Difference  (dBsm) 


Object  B:  Bistatic  RCS:  W-pol,  8.0  GHz,  45  deg  Tx  illumination  angle 
All  plots  averaged  with  9  deg  slitSng  window 


Figure  63a-c:  Object  B,  W-pol,  8  GHz,  Data  averaged  with  9 
degree  sliding  window 
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Object  B:  Bistaiic  RCS:  HH-pol,  12.0  GHz,  45  deg  Tx  illumination  angle 
All  plots  averaged  with  9  deg  sliding  window 
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Object  B,Di Iterance  Plot  Crispins  Equiv.  Bistaiic  RCS  (JRC)  -  Measured  Bistatic  RCS  (JRC) 
HH-pol,  12  GHz,  45  deg  TX  illumination  angle,  All  data  averaged  with  9  deg  sliding  window 
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Figure  66a-c:  Object  B,  HH-pol,  12  GHz,  Data  averaged  with  9 
degree  sliding  window 


V.  Conclusions  and  Recommendations 

The  following  observations  summarize  the  preceding  section’s  analysis.  The 
summary  of  the  MBET  performance  is  categorized  as  a  function  of  the  complexity  of  the 
object  studied,  because  this  characteristic  is  a  significant  predictor  of  MBET 
performance.  Simple  objects  are  those  whose  scattered  signature  is  dominated  by  a 
single  specular  mechanism  from  any  particular  vantage  point.  Complex  objects  fall  into 
one  of  two  categories:  1)  those  whose  RCS  is  dominated  by  a  combination  of  specular 
interactions,  and  2)  those  whose  RCS  is  derived  from  specular  and  non-specular 
components  of  similar  amplitude.  The  former  is  referred  to  as  Minimally  Complex 
Objects  whose  geometry  generally  incorporates  canonical  structures  which  support  large 
specular  reflections.  The  later  is  referred  to  as  Rigorously  Complex  Objects.  These  are 
characterized  by  large  shadowing  features,  cavities,  or  smoothly  sloped  surfaces,  which 
may  produce  multi-bounce,  diffraction,  surface  waves,  etc.  with  amplitudes  analogous  to 
any  speculars.  Some  recommendations  for  future  study  are  included  at  the  end. 

Xpatch  v2.4d  Observations: 

•  Xpatch  computing  edge  diffraction  incorrectly  near  Rx  edge-on  incidence 
.  Xpatch  predicts  reasonably  accurate  bistatic  RCS  for  targets  dominated  by  wide  angle 
speculars  even  if  they  don’t  meet  electrically  large  criteria 
.  Xpatch  predicts  low  bistatic  RCS  when  shadowing  features  present 

-  Second  order  scattering  contributions  more  prevalent  here  and  Xpatch  doesn’t 
predict  them  well 

.  Xpatch  data  skewed  toward  larger  bistatic  angles 

-  Reason  for  this  remains  uncertain;  could  be  misalignment  of  measured  object, 
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different  electrical  size  of  measured  object  and  Xpatch  facetized  model  or  an  Xpatch 
computation  problem. 

Kell’s  and  Crispin’s  MBET  Observations: 

The  overall  performance  of  Kell’s  and  Crispin’s  MBET  are  quite  similar  for  all  the 
tested  objects,  but  there  are  some  glaring  limitations  associated  with  using  Kell’s 
formula.  Kell’s  MBET  requires  a  much  larger  data  set  than  Crispin’s  to  predict  an 
equivalent  bistatic  RCS  matrix.  Whereas  a  single  monostatic  pattern  cut  (i.e.  single  RF) 
can  be  used  to  predict  the  bistatic  RCS  through  Crispin’s  formula,  Kell’s  requires  a  large 
RF  bandwidth  monostatic  measurement  (at  a  very  fine  frequency  resolution)  to 
accomplish  the  same  goal.  The  frequency  shift  also  contributes  to  poor  angular 
resolution  near  the  transmitter  illumination  angle.  And  of  course,  extracting  Kell’s 
bistatic  RCS  from  monostatic  data  sets  proves  to  be  much  more  computationally 
expensive  than  Crispin’s. 

Observations  for  both  MBETs’  performance  as  a  function  of  the  object’s  inherent 
complexity  are  provided  below. 

For  Simple  Objects: 

.  Kell’s  &  Crispin’s  MBET  work  well  for  simple  geometries  for  at  least  bistatic  angles 
of  30  degrees  (sidelobe  structure  &  amplitudes);  Crispin’s  has  slight  edge  over  Kell’s 
in  general,  but  Kell’s  has  slight  advantage  when  diffraction  effects  present 
.  Both  predict  edge  diffraction  effects  lower  on  average  than  measured  (2-3  dB) 

•  Averaging  data  improves  correlation  between  MBET  prediction  and  measured  data 
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For  Minimally  Complex  Objects: 

,  Both  MBETs  provide  reasonable  accuracy  for  bistatic  angles  of  no  more  than  1 5-20° 

.  Both  tend  to  predict  bistatic  RCS  lower  than  measured  for  bistatic  angles  >15°  and  at 
higher  RFs.  This  is  primarily  due  to  a  narrowing  of  monostatic  specular  spikes  at 
higher  RFs  and  the  changing  nature  of  the  scattering  centers  as  the  bistatic  angle 
increases. 

.  Averaging  doesn’t  improve  correlation  with  measured  data  sets  nearly  as  much  as  it 
did  for  simple  shapes  and  may  even  decrease  correlation 

For  Rigorously  Complex  Objects: 

.  Both  MBETs  demonstrate  reasonable  accuracy  for  bistatic  angles  of  no  more 
than  5-10° 

.  Both  tend  to  predict  bistatic  RCS  higher  than  measured  for  bistatic  angles  >  1 0°  and 
at  higher  RFs.  Again  the  primary  reason  for  poor  correlation  is  the  changing  nature 
of  the  scattering  centers.  From  these  types  of  objects,  the  scattering  centers  change 
more  rapidly  as  a  function  of  bistatic  angle  because  they  are  derived  from  roughly 
equivalent  specular  and  non-specular  components. 

•  Averaging  data  doesn’t  improve  data  correlation  with  measured  data  sets 


Recommendations: 

The  process  initiated  for  this  research  continues  to  collect  data.  More  analysis  can  be 
accomplished  on  this  new  data  as  well  as  some  of  the  existing  data,  which  has  yet  to  be 
investigated.  A  few  of  the  recommendations  are  as  follows: 
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.  Investigate  cross-polarization  data  in  a  similar  fashion  as  was  done  for  the  co-pol  data 
in  this  report. 

.  Investigate  data  from  additional  object  (see  Appendix  A)  not  reviewed  in  this  thesis 
.  Generate  imaging  plots  of  monostatic  and  bistatic  data  to  highlight  nature  of 
scattering  centers  as  a  function  of  the  bistatic  angle 
.  Expand  object  test  set  to  include  more  simple  shapes  to  highlight  certain  non-specular 
effects  and  investigate  existing  objects  from  new  transmitter  and  receiver  look  angles 

-  Ogive  investigation  of  surface  wave  effects  or  hollow  cylinder  for  multi-bounce 
analysis 

-  Look  at  forward  scatter  region  for  existing  complex  objects 

.  Derive  more  objective  and  mathematically  justifiable  criteria  for  defining  the 
complexity  of  an  object  based  on  geometrical  features  and  electrical  size 
•  Perform  more  rigorous  statistical  analysis  on  the  measured  and  MBET  computed  data 
to  better  define  correlation 

Currently,  AFIT  and  the  JRC  enjoy  a  strong  relationship,  in  part  because  of  the  work 
accomplished  in  this  project.  This  relationship  should  be  fostered  and  nurtured  through 
additional  joint  ventures  so  bistatic  scattering  research  can  continue  unabated.  Additional 
joint  projects  between  AFIT  and  several  other  DoD  bistatic  measurement  facilities  (at 
Point  Magu  and  Hanscom)  should  also  be  pursued  as  more  of  a  long  term  goal. 
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Appendix  A.  Measurement  Orientations 


Slightly  different  measurement  configurations  exist  at  both  the  MRC  and  JRC  test 
chambers.  This  effects  the  polarization  orientation  as  perceived  by  the  reader.  Because 
it  is  easier  for  a  reader  to  envision  a  single  reference  orientation/polarization  throughout 
the  analysis,  actual  target/polarization  orientations  were  changed  from  their  original 
within  the  body  of  the  text.  This  appendix  is  included  for  the  reader’s  convenience  to 
relate  the  true  measurement  geometries.  Polarization  is  discussed  in  terms  of  E-field 
alignment  with  a  particular  coordinate  axis. 

The  MRC  chamber  is  configured  just  as  has  been  previously  discussed;  no  change  in 
orientation  exists.  The  horizontal  plane  is  the  main  collection  plane,  and  thus  targets  were 
placed  on  a  large  piece  of  RAM  and  spun  around  in  azimuth  to  collect  monostatic  data. 
VV-pol  for  all  objects  derives  from  an  E-field  parallel  with  the  z-axis  (and  vertical  to 
ground  plane),  HH-pol  is  parallel  to  the  x-y  plane. 

JRC  uses  two  different  target  orientations  depending  on  whether  one  is  conducting 
monostatic  or  bistatic  measurements.  The  monostatic  measurements  are  taken  from  an 
orientation  identical  to  MRC’s.  The  bistatic  data,  however,  is  actually  taken  in  the 
vertical  plane.  Targets  are  essentially  laid  on  their  side  for  experimentation.  VV-pol  is 
now  parallel  with  the  y-axis  and  HH-pol  parallel  to  the  x-z  plane.  Figures  A-l  through 
A-3  show  the  actual  monostatic  and  bistatic  measurement  orientations  for  Objects  A,  B 
and  C.  Additional  bistatic  data  exists  for  a  fourth  target,  a  stand-alone  canted  hollow 
cylinder.  The  measurement  orientation  is  given  in  Fig.  A-4. 
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Tx/Rx 


rotation  direction 


Figure  A-l:  a)  Object  A  orientation  for  each  JRC  &  MRC  monostatic  measurement, 
b)  Object  A  orientation  for  JRC  bistatic  measurements 


Monostatic  measurement 
rotation  direction 


Figure  A-2:  a)  Object  B  orientation  for  each  JRC  &  MRC  monostatic  measurement 
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Figure  A-3:  b)  Object  A  orientation  for  JRC  bistatic  measurements 


Monostatic  measurement 
rotation  direction 


Figure  A-4:  a)  Object  D  orientation  for  each  JRC  &  MRC  monostatic  measurement, 
b)  Object  D  orientation  for  JRC  bistatic  measurements 
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Appendix  B:  Waterline  Pattern  Cut  Plots  of  Measured  Data 

Pattern  cut  plots  of  all  measured  test  objects  appear  in  Figs.  B-l  through  B-9.  The 
entire  collected  data  set  spans  the  RF  bandwidth  and  angular  regions  mentioned  in 
Tables  2a-c,  but  these  plots  only  depict  data  corresponding  to  the  frequencies  analyzed 
in  Section  IV.  The  fourth  object  (D)  is  included  here  for  completeness,  although  it  is  not 
analyzed  within  this  report. 


Object  A:  Measured  Monostatic  Pattern  Cut:  JRC  Data,V  &  H-Pol,  8  GHz 


Object  A:  Measured  Monostatic  Pattern  Cut:  JRC  Data,V  &  H-Pol,  14  GHz 


Figure  B-l:  JRC  Measured  Monostatic  Data  for  Object  A:  a)  8  GHz,  b)  14  GHz 
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RCS  (dBsm 


a)  5 


Object  C:  Measured  Monostatic  Pattern  Cut:  MRC  Data,  V-pol,  8  GHz 


Ohieot  C:  Measured  Monostatic  Pattern  Cut:  MRC  Data.  V-nol.  14  GHz 


Figure  B-3:  MRC  Measured  Monostatic  Data  for  Object  C:  a)  8  GHz,  b)  14  GHz 
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Object  A:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data,W  &  HH-Pof,  8  GHz 
0  deg  7X  illumination  angle 


b) 


Object  A:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data,W  &  HH-Pol,  14  GHz 
0  deg  TX  illumination  angle 


Figure  B-4:  JRC  Measured  Bistatic  Data  for  Object  A:  a)  8  GHz,  b)  14  GHz 
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a) 


10 


Object  B:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data,W  &  HH-Pol,  8  GHz 
45  deg  TX  illumination  angle 


Object  B:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data.W  &  HH-Pol,  8  GHz 
45  deg  TX  illumination  angle 


Figure  B-5:  JRC  Measured  Bistatic  Data  for  Object  B,  8  GHz:  a)  -20  to  +90 
degrees  Rx  look  angle ,  b)  +90  to  +200  degrees  Rx  look  angle 
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Object  C:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data,W  &  HH-Pol,  8  GHz 
45  deg  TX  illumination  angle 


Figure  B-7:  JRC  Measured  Bistatic  Data  for  Object  C,  8  GHz:  a)  -20  to  +90 
degrees  Rx  look  angle ,  b)  +90  to  +200  degrees  Rx  look  angle 
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Object  D:  Measured  True  Bistatic  Pattern  Cut:  JRC  Data,W  &  HH-Pol,  8  GHz 
0  deg  TX  illumination  angle 


Appendix  C:  Matlab  Script  File  Listing 


The  contents  of  each  Matlab  script  are  shown  below  in  alphabetical  order. 
Documentation  accompanies  each  script,  so  a  complete  explanation  of  a  script’s  function, 
dependencies,  and  usage  can  be  found  in  it’s  header  block.  Each  script  is  separated  by  a 
lines  of  *  characters. 

********************************************************** 


%  MATLAB  FUNCTION:  avg. 

%  Usage:  avg 

%  Dependencies  matrix  containing  angle  and  RCS  amplitude  data  to  which  an 

%  averaging  window  will  be  applied;  various  other  input  variables 

% 

%  Function:  Produces  averaged  RCS  plot  using  a  sliding  window  technique 
%  over  an  X  degree  azimuth  window  width  (X  is  specified  by  user) 

% 

%  Possible  matrices  to  which  a  window  can  be  applied;  explanation  of  data 
%  contained  therein  (M-file  from  which  they  are  generated) : 

Kells  equiv.  bistatic  RCS  computed  from  MRC  data,  W-pol  only 

Kells  equiv.  bistatic  RCS  computed  from  JRC  data  (kellj.m) 

Kells  equiv.  bistatic  RCS  computed  from  Xpatch  data  (kell_sim.m) 
of  23  Apr  99  *** 

Crispins  equiv.  bistatic  RCS  computed  from  MRC  data,  W-pol  only 

Crispins  equiv.  bistatic  RCS  computed  from  JRC  data,  (crispj.m) 
Crispins  equiv.  bistatic  RCS  computed  from  Xpatch  data, 
(crisp_sim.mT  ***  Not  implemented  as  of  23  Apr  99  *** 

% 

%  final  strcs :  True  bistatic  RCS  computed  with  Xpatch  (splott.m) 

%  f inal”j trcs :  True  measured  bistatic  RCS  data  from  JRC  (jplott.m) 


clear  hires  matrix 


current_ob j  =  input ( 1  Ob j  ect :  * ,  1 s ’ ) ; 

%  Obtain  matrix  to  which  averaging  window  will  be  applied 
ok  =  0; 

while  (ok  -=  1) 

bircs_matrix  =  input (’Data  matrix  to  be  averaged:  * , 's’); 

if  {stremp (bircs_matrix, 1 whole_kell_rcs ’ )  |  stremp (bircsjnatrix, 1 whole_jkell_rcs 1 )  ! 

stremp (bircs_matrix, 'simjrcs1 )  l  stremp (bircs_matrix, ’ crispin_rcs_matrix 1 )  | 

stremp  (bircs_matrix,  1  f inal_j res’ )  |  stremp  (bircs__matrix,  1  crisp_sim_rcs  ’ )  I 

stremp (bircs_matrix, 1 f inal_strcs ’ )  |  stremp (bircs_matrix, ’ final_jtrcs ■ ) ) 

ok  =  1; 


%  whole_kell_rcs : 
data  (kell.m) 

%  whole_j  kell_rcs : 

%  sim_rcs : 

***  Not  implemented  as 
% 

%  crispin_rcs_matrix: 
data  (crisp. m) 

%  final_jrcs: 

%  crisp  sim  res: 


else 


dispC Please  enter  one  of  the  following  valid  matrix  name:  ’); 
disp ( ’ whole_kell_rcs 1 ) ; 
disp ( ’ whole_j  kell_rcs ’ ) ; 
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disp ( ' sim_rcs ' ) ; 

disp { ' crispin_rcs_matrix  * ) ; 

disp ( 1 final_jrcs ' )  ; 

disp { * crisp_sim_rcs ' ) ; 

disp ( ' f inal_strcs ' ) ; 

disp ( ' final_jtrcs ' ) ; 


end 

end 


%  Obtain  user-specified  window  size  and  check  to  see  if  its  an  odd  numeral 


ok  =  0; 

while  (ok  ~=  1) 

win  size  -  input (' Desired  window  size  (in  deg,  must  be  odd  number):  ' ); 
if  (rem(win_size, 2)  ==  0) 

disp ('Please  enter  a  valid  window  size  in  degrees  (must  be  an  odd  number):  '); 

else 

ok  -  1; 

end 


end 


if  (strcmp (bircs_matrix, 'wholekell  res')  I  strcmp (bircs_matrix, ' crispin_rcs_matrix’ ) ) 
else 

plot  pol  =  input ('Plot  which  polarization?  (H,  V,  B=both) :  s  ); 

end 

plot_num  =  input ( ' Figure  number:  1 ) ; 

cflagl  =  input ('Plot  line  1  type/color:  's'); 

if (plot_pol  ==  'B') 

cflag2  =  input (’Plot  line  2  type/color:  ' ,  ’s'); 

end 

%  Check  to  see  if  polarization  input  is  valid 
ok  -  0; 

while (ok  ~=  1) 

if  (plot_pol  ==  'V'  |  plot_pol  «=  ' H • |  plot_pol  ==  'B') 
ok  «  1; 

else 

disp ('Please  specify  valid  character  for  polarization  you  wish  to  plot.\n'); 
plot  pol  =  input ('Plot  which  polarization?  (H,  V,  B=both) :  ','s'); 

end 

end 


if  (strcmp (bircs_matrix, ' whole_ke litres ' ) ) 
bircs  matrix  =  whole_kell_rcs; 

bircs_matrix  ( :  ,7)  =  sqrt  (10  .  A  (bircs_matrix  ( : ,  6)  . /20)  ) ;  %  W-pol  RCS  field 

amplitude  (straight  units) 

bircs_matrix( : , 8)  =0;  %  initialize  windowed  data  values 

%  Compute  windowed  data 

indxa  *=  floor  (win_size/2)  ; 
indxb  «  length (bircs_matrix) ; 

%  Compute  first  and  last  several  windowed  field  amplitudes  for  which  a  complete  window 
%  cannot  be  applied 

for  i  =  1: indxa 

bircs_matrix (i,  8)  « 

(sum (bircs_matrix(l: floor (win_size/2) +i, 7) ))/ (floor (win_size/2) +i) ; 
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bircsjmatrix (indxb-i+1, 8)  =  (sum(bircs_matrix (indxb-floor (win_size/2) - 
i+1 : indxb, 7 ) ) ) / (floor (win_size/2)+i) ; 

end 


%  Compute  remaining  windowed  field  amplitudes  for  which  a  complete  window  can  be 
applied 

%  to  the  data 

for  i  =  floor (win_size/2) : indxb-floor (win_size/2) -1 

bircs_matrix (i+1, 8)  =  (sum(bircs_matrix(i+l- 
floor (win_size/2) : i+l+floor (win_size/2 ) ,7) ) ) /win_size; 

end 

%  Compute  windowed  RCS  data  in  dBsm  from  the  new  windowed  field  data 
bircs_matrix  ( : ,  9)  =  20 . *loglO { (bircs_matrix { : , 8) ) . A2) ;  %  W-pol  RCS 


%  Plot  generation 

if  (any (plot_num) ) 
figure (pi ot_num) 
else 

figure (fig_no) 
fig_no-fig_no+l; 

end 

plot (bircs_matrix(: ,2) ,bircs_matrix ( : , 9) ,  cflagl) ; 
hold  on; 

ylabel ( 1 RCS  (dBsm) ' ) ; 
xlabelt'Rx  Look  Angle  (deg)'); 
grid  on; 

title ({[ ’Object  1 , current_ob j , 1 :  Measured  Bistatic  Pattern  Cut:  MRC  Data, W-Pol,  ' , 
num2str(desired_bistatic_rf) , 1  GHz' ] , [num2str (tx_illum_angle) , '  deg  TX  illumination 
angle,  *,  num2str (win_size) , 1  deg  window  average  applied']}); 


elseif  (strcmp (bircs_matrix, ' whole_jkell_rcs ' ) ) 
bircs_matrix  =  whole_jkell_rcs; 

bircs_matrix ( : , 9)  =  sqrt (10 . A (bircs_matrix ( : , 7) . /20) ) ;  %  HH-pol  RCS  field  amplitude 

(straight  units) 

bircs_matrix ( : , 8)  =  sqrt (10 . A (bircs^matrix ( : , 6) . /20) ) ;  %  W-pol  RCS  field  amplitude 

(straight  units) 

bircs_matrix(: , 10:11)  =0;  %  initialize  windowed  data  values 

%  Compute  windowed  data 

indxa  =  floor (win_size/2) ; 
indxb  =  length (bircs_matrix) ; 

%  Compute  first  and  last  several  windowed  field  amplitudes  for  which  a  complete  window 
%  cannot  be  applied 

for  i  =  1: indxa 

bircs_matrix (i,  11)  = 

(sum(bircs_matrix (1: floor (win_size/2) +i, 9) ) ) / (floor (win_size/2 ) +i) ; 
bircs_matrix (i, 10)  = 

( sum (bircs_matrix(l: floor (win_size/2 ) +i, 8) ) ) / (floor (win_size/2) +i ) ; 

bircs_matrix (indxb-i+1, 11)  =  ( sum (bircs_matrix (indxb-floor (win_size/2 ) - 
i+1: indxb, 9) ) ) / (floor (win_size/2) +i) ; 

bircs_matrix (indxb-i+1, 10)  =  (sum (bircsjnatrix (indxb-floor (win_size/2 ) - 
i+1 : indxb, 8) ) )/ (floor (win_size/2) +i) ; 

end 
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%  Compute  remaining  windowed  field  amplitudes  for  which  a  complete  window  can  be 
applied 

%  to  the  data 

for  i  =  floor (win_size/2) : indxb-floor (win_size/2) -1 

bircs_matrix (i+1, 11)  -  (sum(bircs_matrix (i+1- 
floor (win_size/2) :i+l+floor (win_size/2) , 9) ) ) /win_size; 

bircs_matrix (i+1, 10)  =  (sum(bircs_matrix (i+1- 
floor (win_size/2) :i+l+floor (win_size/2) ,  8) ) ) /win_size; 

end 


%  Compute  windowed  RCS  data  in  dBsm  from  the  new  windowed  field  data 

bircs_matrix ( : , 13 )  =  20 . *loglO ( (bircs_matrix ( : , 11) ) . A2) ;  %  HH-pol  RCS 
hires  matrix (:, 12)  =  20 .  *logl0  (  (bircs__matrix  ( : ,  10)  )  .  A2)  ;  %  W-pol  RCS 


%  Plot  generation 

if  (any (plot_num) ) 
figure (plot_num) 
else 

figure (fig_no) 
fig_no=fig_no+l; 

end 

switch  plot_pol 
case  ’V1 

plot (bircs_matrix { : ,  2) , bircs_matrix ( : , 12) ,  cflagl) ; 
hold  on; 

ylabel { 1 RCS  (dBsm) 1 ) ; 

xlabel ( * Rx  Look  Angle  (deg)*); 

grid  on; 

title  ({[’ Object  * ,  current_ob  j  ,  '  :  Kells  Equiv.  Bistatic  Pattern  Cut:  JRC  Data,W~ 
Pol,  * ,  num2str (desired_bistatic_rf ) , 1  GHz’  3 , [num2str (tx_illum_angle) , '  deg  TX 
illumination  angle,  ',  num2str  (win__size) ,  '  deg  window  average  applied']}); 
case  ’H’ 

plot (bircs_matrix ( : , 2) ,bircs_matrix ( : ,  13) ,  cflagl) ; 
hold  on; 

ylabel ('RCS  (dBsm) ' )  ; 
xlabel ('Rx  Look  Angle  (deg)1); 
grid  on; 

title ({[' Object  ' , current_ob j , 1 :  Kells  Equiv.  Bistatic  Pattern  Cut:  JRC  Data,HH- 
Pol,  ',  num2str (desired_bistatic_rf ) , '  GHz'], [num2str (tx_illum_angle) , '  deg  TX 
illumination  angle,  num2str (win_size) , '  deg  window  average  applied']}); 
case  'B* 

plot (bircsjmatrix ( : , 2) , bircs_matrix ( : , 12) ,  cflagl) ; 
hold  on; 

plot (bircs_matrix ( : ,2) ,bircs_matrix ( : , 13) ,  cflag2) 

ylabel ('RCS  (dBsm) ' ) ; 

xlabel {'Rx  Look  Angle  (deg)'); 

grid  on; 

title  ({[ 'Object  '  ,  current_ob  j  ,  '  :  Kells  Equiv.  Bistatic  Pattern  Cut:  JRC  Data,W 
&  HH-Pol,  ',  num2str (desired_bistatic_rf ) , '  GHz ' ] , [num2str (tx_illum_angle) , '  deg  TX 
illumination  angle,  ',  num2str (win_size) , '  deg  window  average  applied']}); 
legend  ('  W-pol ','  HH-pol ')  ; 

end 


elseif  (stremp (bircsjmatrix, 'crispin_rcs_matrix' ) ) 
bircsjnatrix  =  crispin_rcs_matrix; 

bircs_matrix( : , 4)  ~  sqrt (10 . A (bircs_matrix ( : , 3) . /20) ) ;  %  W-pol  RCS  field 

amplitude  (straight  units) 

bircs_matrix( : ,5)  =  0;  %  initialize  windowed  data  values 
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%  Compute  windowed  data 

indxa  =  f loor (win_size/2) j 
indxb  =  length (bircsjmatrix) ; 

%  compute  first  and  last  several  windowed  field  amplitudes  for  which  a  complete  window 
%  cannot  be  applied 


for  i  =  1: indxa 


bUc3_jnatrir(i,5>  = 

(sua(bircsjnatrix(l,floor(winwsi2«/2)*i,4)))/(fidor(win_sire/2)-»i) s 

birc9_m“tifix(indxb-i+l,5)  =  (sum(hircsjaatrix(indxb-floor(wiii_slre/2)- 

i+1: indxb/4) ) )/ (floor(win_sise/2>+i)  i 


art  d 


%  Compute  remaining  windowed  field  amplitudes  for  which  a  complete  window  can  be 
applied 

%  to  the  data 

for  i  *  floor <win_^i^e/2) !indxb-fioor<win_Biec/2)-i 

biros  jaatrix(i+l,S)  =  (sum(bircs_matrixU+l- 
f  lOQr  (win_£iZB/  2  J  :  1+ i-r  floor  ,  4  )  )  )  /V>iri_si  ze ; 

end 


%  compute  windowed  nCS  data  in  dB&m  from  the  now  windowed  field  data 
birca^matrixj:  ,G>  «  20,  HoglO  l  (bircs_matrix{ ; ,  b)  ) ,  "2) ;  \  w-poi  Res 


%  Plot  generation 

if  (any  (plot _mitn) ) 
figure  (ploc_num) 
else 

figure  (figj&o) 
f ig_np-£i&_»o+l i 

end 

plot  (birca^matrix  ( : ,  2 )  ,  hires  jaatrix  ( r ,  6 )  ,  cfl&gl)  ; 
bold  on? 

yiatoeli’xcs  (d3sm)’)? 
xlabel('Rx  Look  Angle  (fleg)'); 
grid  on; 

title (([ 'Object  ■ , current_ob j ,  1 :  Crispins  Bguiv.  Bistatic  Pattern  Cut:  MRC  Data,W 
Pol,  nuni23tr(deBire<Lbiatatio_rf^  -  GHz1  ]  .  [num2str ( tx_illum_angle) , '  deg  TX 
illumination  angle,  num2str (win_sire) #  1  deg  window  avarago  applied' ]>)? 


alaeif  (Btrcmp  Ibiroa  jnatriw,  '  f  in*l_drc»  ■ )  ) 


hircs_jnatrix  =  finals  res; 

birc*_m*trlxl:, 8)  =  sort  (10. A  (bircs_jnatrix( : ,  6  3  ,  / 20 ) )  ; 

( straight  units) 

&ircs_matrix [;«7)  =  sqrt (10 , * (bir-c»— matrix { * , 5)  /20) ) ; 
(straight  units) 

hires jtatrix (;, 9:10)  =0?  %  initialize  windowed  data 


t  HH-pol  RCS  field  amplitude 
%  w-pol  RCS  field  amplitude 
values 


%  Compute  windowed  data 

indxa  =  floor (win^size/2) ; 
indxb  -  length  (birc Beatrix) , 

%  Compute  first  and  laBt  several  windowed  field  amplitudes  for  which  a  complete  window 
%  cannot  be  applied 
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for  i  =  lsindxa 

bircsjflftatrix  ( i ,  1 5  J  = 

(gum{bircs_matrix{l  :floor  (wirL-®ize/2)  61 > )  /  ( floor  (win_size/2Ki > » 

bircajrtdtarix  (i, £►)  • 

(sum  (bircs^matnx  (l :  floor  {win _jBiz6/  2)  +ii  7 ) ) )  /  { floor  (win_size/2 )  +i)  ? 

bircsjmatrix{in<ixb-ifl,  10)  *■  {>suin<btrcs_m»trix<indKb-fiooiriwinllf,Bi*©;2i- 
i+1 :  incbcb,  ftM  )/ (floor (win_site/2 )  +i )  ; 

bi.rc6„jwatrix  ( indxb-i+1,  9 )  =  I  svun( bijrcs_jiUittrix f  indxfo-  floor (vrin,_,siZ0/2  )- 
i+l;indXb,7> ) ) f  (floor (win_sizo/2 > +i> i 

end 


%  Compute  regaining  Windowed  field  amplitudes  £o*  whioh  ft  complot*  window  can  be 
applied 

%  to  the  data 

for  i  =  floor  (wln_siza/2 ) sindxb- floor (win_fiize/2) '1 

birosjpatriit (i+i r  10 )  ~  (sum(bi?cs_j!Latrix<i+l- 
floor  (wirt_size/2)  :itl+floor twines ize/2) ,  ft) ))  /win^ize; 

bircs^jnntritf  U+1,9)  =  <sum(birc!3^natrix<i+l- 
floor {win_size/2> ; i+l+f loor (win_jsize/2) ,7) ) ) /win_sij;e; 

end 


%  Compete  windowed  ACS  data  in  dBsw  from  the  new  windowed  field  data 

birCB_?iatriX(  ;  ,12)  =  20*  *1093.0  (  (bircS.jn«trix(  »  r  10)  )  -A2)  j  1  rtH^pol  RCS 
Uirc8_jnatrix<!,U)  -  20 . »logl0  ( (bircsjnattix< : , 9) ) .  "2)  i  %  W-pol  RCS 


%  Plot  generation 

i  £  { any  iplot_ mmn ) ) 
figure  (plotjium) 
else 

figure  <£ig_r.o) 
f ig_no= fig-no* 1; 

end 

switch  plot_pol 
case  'V’ 

plot {birca^matrix ( ; ,4) , hires  jnatr ix < * ,11) .  eflagl) i 
hold  on; 

y label ( 1 RCS  (dBsm) ' ) ; 

xlabel  (  'Ax  Look  Angle  (deer)  '  5  ; 

grid  on; 

title ( [ l ’ Object  4  ,  current .^obj  , '  =  Criopins  Sguiv.  Bl*t*tic  Pattern  Cut:  JRC 
Data,  W-Pol,  nun2str ( jdesiredjbistatic_r£ ) , 1  GHz 4  ] ,  (nvwn2str  ( tX—ilinnuang^e)  t  '  dgg  TX 
illumination  angle,  nun2str{vin_size) ,  '  deg  window  average  applied’])); 
case  1 K’ 

plQt{blrcB_jn&trix(s  ,4)  ,birca_jnatrix  ( : ,  12)  4  cflagl) ; 
hold  on; 

ylabelCRCS  (dBsm)4); 
xlabell’Rx  Look  Angle  (deg)1}? 
grid  on; 

ticle(( I 'Object  ' , current_Qbj , ' s  Crispins  Equiv.  Bistatic  Pattern  cuts  <JRC 
Datd,HH-Pol,  nw2etr  { jdesired^bis tatic^rf )  ,  '  GHz  '  ]  ,  [numZstr  <cx_illunuansjle)  ,  '  deg  TX 

illumination  *nglo,  nomlatr <win_size ) , '  deg  window  average  applied' )}); 
ca*e  *  B r 

plot  {U1  res  JBietrix(  i  ,  4)  fbirGa^atfixt  i  ,11}  ,  «r£l*sri)  I 

hold  orii 

plot  (bircsjnatrirt  ( : ,  <1) , bites _jf»atrix( : ,  12) ,  cfiag2) 
ylabelCRCS  (d  Be*)'); 
xlabelCRx  Look  Angle  (deg)'); 
grid  on; 
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title ( £  I  *  Object  ' ,current_obj , • :  Crispins  EOT-iiv.  Bist*tic  Pattern  Cut:  JRC 
Data,  W  &  8H- Pol,  num2str  ( jdesired_bistatic_jrf  >  #  '  GHz' ) ,  [r.um2str  (tx_illutcanole) ,  '  aeg 

TX  illumination  angle,  numzstx  twinge  i*e> .  *  dog  window  avexag*  applied'  )Mr 
legend {  '  W-POl  ‘ ,  1  HH-pol 1 )  j 

end 


eleeif  Utrcrap  (birc=_?nAfcrix ,  '  f inal^strcs  ’  } ) 
hires  jaatrix  =  cinai_stxce; 

%bircsj«atrixh  ,  6)  =  sqrtiio^  (bircs_jnatrix{  s  ,3)  ,/20)  ) ;  *  HH-pol  RCS  field 

amplitude  (straight  units) 

%bircs_matrix ( : ,  5 )  =  ?qrt  (10  ,*  (Mrcsjnatrix( ;  ,  4 ) -/20)  J }  %  W-pol  RCS  field 

amplitude  (straight  units) 

hi  atrial  s,  7  •  8)  =  0;  %  initialize  windowed  data  values 

%  Compute  windowed  data 

indxa  =  floor  (wiiU_size/2)  ; 
irodxb  *  length  (hire B_rm3it if  ix)  > 

%  Compute  first  and  lest  several  windowed  field  ainplicudes  for  which  a  complete  window 
%  c Minot  be  applied 

for  1=1: indxa 

btrcs^jnatf  lx  ( i ,  8 )  = 

( aumtbirea matrix  { 1,  floor  (wtn^pizv/2  )  +i ,  6 > ) )  /  ( floor  (win^ai ze/ 2 )  +i )  ? 
bircs_matrix(i* 7)  - 

{ sunUbirca jzatrix  ( 1  j  floor  ( wiiusise/2  ]  +i ,  5 ) ) )  /  <  floor  {win_eize/ a  >  +i ) , 

bircs_matrix< indxb-i+1, 8)  «  (Sum  (bircsjnatrix  (indxb-f  loor  lwin_siza/2) - 
i+1 : Indxb, 6) ) ) / (floor (win_aise/2>  +i) ; 

birc5^atrix<ind*b-i+i,7>  -  ( Sum  <bi  repeat  rise!  indxb-  floor  (win_size/ 2 1  - 
if  1 : indxb,  5 )  ))  /  {floor (wiil_size/2) +i)  ; 

end 


%  Compute  remaining  windowed  field  amplitudes  for  which  a  complete  window  can  he 
applied 

%  to  the  data 

for  i  »  floor{tfin_Bize/2)  :indxb-floor(win_Size/2) --1 

bircsjwatrix(i*l,8)  =  (sura  (hires  jmetxix  (i+1- 

flOOr  (Wln^size/2)  ii+1+floor  (wln_3ize/2  )  ,6)  )  )  /w^_aizo( 

bircs_jnatr;x{i+lJ7)  -  (sumlbircs_jnatri*(i+l- 
floorlwin_iUe/2>  ;itl+fl005T(win^size/2>,  5)  ]  )  /win^size; 

end 


%  Compute  windowed  RCS  data  in  dBsn  from  the  new  windowed  field  data 

bircajnatrix(! , 10)  =  20. *logl0 ( (bircs_matrix( i , &) ) -A2) ;  %  HH-pol  RCS 

bircs_jn*trix( 9)  *  20  .  *loglO  ( (bircsjT,atrix( : ,  7  } )  .  rt2) ;  %  W-pol  RC» 


%  Plot  generation 
if  <any(ploc_num) ) 

figure  (plofc.jnura ) 

else 

figure l fig_no) 
f ig_no=£La_no+l j 


switch  plot_pol 
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aaBpLGC<birc=_*atrixl : .2) ,bircSJ#»trix( : ,  9!  .  cflegl) : 
hold  an; 

ylabelCRCS  IdBsm)'}: 
xlabfiK'Ax  Look  Angle  (deg)  ' )  s 

title  U  ['Object  ' .current  obj,'i  '• 

nvm2str  (deBired_etr£ >.•«*').  [num2str<tx^llumanglc>  .  dee 
ma«2str (win_size ) , '  deg  window  overage  applied  ]}>, 

CaSClOt<bircsjnai:rixl :  ,2>  .biccs^ntrixt  ■  ,10> ,  of  lagl> ; 
hold  on; 

ylabelCRCS  (aflem)'): 

X label (  *X  Look  Angle  (deg) ' ) I 

grid  on i  ,  xrtatch  True  Bistatic  Pattern  Cut:  HH-Pol, 

titloUt' Object  '.current_obl,  .  Xoatchl  deer  TX  illumination  angle, 

.  •  saz'  J.  [num2Str(tx_illu<^angle)  ,  deg  TX 

mow26tr{vin.jei*a> ,  •  de<7  window  average  applied  ])), 

CaSplot<bircsjiatrix(  =  ,2>  ,bircsjmatrix( : ,  9) ,  cfiagll ; 

plot(bircs_fnatrixl:,2),bircs_»atrix(:,lP(.  cClegi) 

yiabal  ( ' RCS  (dBsm) '  I  i 
xiabeK  *Rx  Lock  Angle  (deg)  • ) ; 

grid  on;  .  ,  v  „  .  BiatJltic  Pattern  Cut:  W  &  HH-Pol . 

fcitleuu -Object  •  ,current_obj .  =  Xpatoh  ,  d  TX  illumination  angle,  ‘ 

' ,  nuBi2str(desired_acrf )  ,  ■  «»•  1 .  lnu»lB«U*^l  - 

numzscrlwtnjslne) , ■  deg  window  average  applied  .)>, 
legend  { '  W-pol  • , '  HH-pol '  1  : 

end 


elc«i€  ixttcuv  (bires_piatrix, '  t inal.j  :rc@ 1  \ ) 


'■“SELSSii.,.!  ■  ^  ”* 

"twSSjSSi|:.7:a|  .  t,  «  iniuil-  «*■*—<  ““ 

1  Compute  windowed  data, 
induce  **  fl-OPar  } 

iudxb  -  length (bircB_matrivi  ; 

%  Compute  Eirst  and  last  several  windowed  field  amplitudes  for  which  a  complete  window 
fc  cannot  '^e  applied 

for  i  =  l:indxa 

(sunlbircalmatrix^floorlwln^slze/ll-ri,  5)  > )  t  (floor  (wirv_*i*e/2>+i> ' 

Itl:  lndxb^W^l««r  i(svn[l(bircSj,atriX(iw3xb-floor  (win_size/2)- 

i+l»  iiidxb,*)))/  (floor  <win_size/2)+i)  ; 

end 


*  Compute  remaining  windowed  field  amplitudes  for  Which  a  complete  window  can  be 
applied 

%  to  the  data 

tor  1  =  tloor(wln_»ine/2)iindxb-floor(wim_si*e/2)-l 

biro»^etri*(i+l,7)  =  <*um<bires_matrix<i+l- 
floor  (vinwSize/2 ) : i+le£loor(win_slse/2) , S)> >/wi«_Siz«; 


147 


Sent  by:  AFIT/ENG  WPAFB  OH 


9379048065; 


07/19/99  14:59;  j4i&s_#216;Page  10/13 


«atrix(i+l.B)  =  lSU»(bi.rCS_Jnatrix(i+l- 

floor|win_slze/2>:i+l+£lcor(win_size/2),Ml  )/win_size; 


end 


%  Compute  windowed  HCS  data  in 


dBan  from  the  new  Windowed  field  data 


bircs_matrix l j 
birCS_pattfiX<: 


3) 

10) 


S  20  **loglDt  [toi rcs_jnatrix(:,7n 
=  20. *  logic ( {bircs_matri*{: .S) 


"2) ; 
-~2)  i 


%  W-pol  RCS 
%  hh-ppI  Rce 


%  Plot  generation 

if  (any tplot^nuuy) 

figure  (plat_num| 
else 

figure  (£ig_Jio) 

end 

awitph  pl^C^ol 


CaSpiot(bircs_«atrix0.2).bixcE_matriicl!  ,91,  oflagl)  t 
hold  on; 

ylatoelTRCS  (daom)*^ 

xlabcl ( ' Rx  Look  Angle  (dfccr) ' ) ? 

grid  on?  „  .  OJat.aH.  pattern  cuts  JRC  Data,  W-Pol. 

..  »,ssss  /  -srwi  srssasss“j:“-.  — — 

dag  window  average  applied 1 ])); 

"“plot  (hires jnatflX  ( : , 2 1  , biros jaatnx  ( : ,  10 )  ,  c Clasl )  i 

bo id  on I 

ylabel ( 'ftCS  (dBsm) ' ) ; 

xlabel  1  'R*  Look  Angie  deg)  *  5  ; 

grid  on:  ,  _  Ma„uve(l  True  Bistatlc  Pattern  Cut-.  JRC 

title ( i  t ‘Obi act  ^cu^e  t  b),  ^  (,45  de0  TX  inclination  angle, 

Oata,HK-Pol,  •.  nun2Btr(d6Sl.r«S_gbrt)  •  V. 

nu.n2str  (win_size) , '  deg  window  average  applied  )». 

CaSpiafi  (bira=_metifix(-. ,  2i  .bircs_matrtx  ( : ,  9) .  of  lagl) ; 

plot (biros  jnatrix < :  ,2) , bites j»atriK  1 1  ,iO) ,  ofl»g3) 

ylabel  CRC3  (dBam)  ' ) ; 

xlabel ( 'R*  Look  Angle  (deg) ' ) ; 

grid  on;  Maa-ured  True  Bistatic  Pattern  Cut:  JRC  Data.W 

title  ({[‘Object  • ,current_obj,  •  Mea-ured  Tru  ion  ^gla,  .. 

t  HH-Pol,  •.  numJstr  (desired_jtrf) ,  OTZ  1 1  !  ", ??3  ** 
numZstr  <wiit_ei»e>  ,  ’  deg  window  average  applied  ))), 
legend  ( 1  W-pol  *  t  *  HH-pol  )  ? 


else 

i 

end 
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%  MATLX3  SCRIPTS  crisp. m 

%  usages  crisp 

%  Dependencies:  lgad_c.ni,  loaded  or  lQa.d_e.rft 


%  Function:  Extracts  monostatic  data  from  global  matrix  -mrcs’*  anc.  convert*  it  to 

raGiC  daCO  “at  the  given  RP  using  Crispin's  snivel  ence  theory  Cnrcs*  matrix  Trwet  Be 
%  loaded  first  by  Having  ioad_c.m,  loaded  pr  iead_e.m  scripts  avarlabl  - 

%  Tho  data  is  plotted  to  the  specified  figure  number. 

\ 

%  Udasired!!target:  Object  ID  <C,d  or  E)  for  which  Crispin's  PCS  will  be  generated 
4  <Se8ire<J_bi»6*tic_r£  i  R*  «t  which  an  equivalent  bistatic  PCS  plot  will  be  generated 

from 

fc  monostatic  data.  valid  RF  ranges  eiro 

6  .O02£c«dflSisr*d^i£tatic_rf  <=17 -  9921 -  0123  or 

%  with  0.01  increments?  always  include  O.OJ23:  Bx:  e.oiZJ  or 

9.1123. 

% 

%  tx_iUvim_Angla  =  TX  illumination  angle 


%  entangle  =  last  *x  postion  angle  relative  to  0  deg  reference  position  at 
%  ~  which  crispin'®  rCS  will  bo  ccpputod 


%  plMjnmi  figure  number  to  which  data  will  be  plotted;  it  none  given,  standard 
■figjr-o’  used 
% 

%  cflng;  flag  ir-diating  line  type  for  plot 


clear  global  crisp in^rcB_matrix 

clear  Crispin*  . 

global  mrcs  cris»in_rcSjmatrix  fig„no  mmono_rCS_in_Pu£fer 


das  i  retarget  •=  input  r  Object :  M'sMi 

desired_fciiatatic_rf  *  input ( 4 Bis tat ic  RF:  ); 

t^illunvjmgle  -  iaputf*?*  illumination  angle:  1 )  l 

diep {' ***  valid  receiver  po&iton  angles  are;  ***M; 

dispt 1  Object  C:  0  to  Lao  degrees');  _  , . 

disp ( 1  Object  D  &  E:  0  to  110  deg  for  TX  illuwun  angles  *-  70  deg  ) j 

entangle  =  input (' Ending  RX  position  angle:  M; 

plot_mna  *  input  ( 'Figure  num)»f  =  Mi 

cflag  =  input ( ’ Plot  line  type:  \  'sM? 
mortji ffc  =  (6 . 0123 ! 0 . 0100000000000Q ! 10-  0023 1  ; 

%  Check  to  see  if  proper  date  set  is  loaded  based  on  target  id  criteria;  load  v-pol  data 
if  necessary 

valid_id  »  0; 

while  (valid^id  ~«i)  ,  ^ 

if  (dcsired_taroet  >-  'C'  I  desired_target  ==  'P'  |  des*red_t«rget  —  b 

if  ( [size(mres, i)  -a  0|  fc  Istrowp  lmniono_rca_in_biif  £ar,deslred_cargeci  ] 
break; 

Blseif  (deslred^target  =>-  'CM 

disp( ’ Loading  Object  C  monostatic  data  (wrci ■  -  M  ; 
mres  -  iosd_e; 

disp( 1  Finished  loading  Object  data..,'!# 

mmonQ_rcs„±n^Juffer  -  de5irca£_t**rg*t t 
valitLid  =  1; 

alseif  Idesired^target  =*  'DM 

disp  ( '  Loadiftcf  object  P  mor.ottftt  ic  data  (MRC)  ...  )  * 

nurcs  -  le>ad_d,- 

disp  < '  Finished  Loading  Object  D  data*..'); 
ttiftono_res_iruJ3u££er  =  dealre<i_target; 
valid^id  =  1; 

elaeif  (doair^d_ta,rget  —  'EM 

disp{ 'Loading  Object  &  monostatic  data  IHRC) .-•')/ 
mrc*  =  load_tj 
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diept  .Finished  leading  Object  E^ata 
iranono_i:cB_in_buf  £er  =  desired_targec , 
vaua_i*  =  -> 
and 

eUsnri  specify  valid  Object  10:  C.  0  of  ■ 

desired„target  *  input  ( ’Object:  ,  5 

end 
end 

displ 'Computing  Crispins  cguiv.  bistatic  RCS  £ta ■  «  data' ‘ 
t  Establish  angl*  v<ntorii 

S£»X-'  "■  ‘ 11 

%  Produce  Crispins  bistatic  vector 

*  This  K*eti on  computes  Crisping  ^o^oMect^ . "be  plate's  surface 

■  o  dec  azimuth  look  angle  <»•••  *•*  Object  ^  ^aMHin(ttB3.  muminati 

mnhurard  At  0 


miR  K#ction  oonoutea  “  --y  ^  c  tU<5  fiat  plate  s  „ 

0  deg  azimuth  look  angle  ti.e^  ^  the  transmitter  illumination 

%  normal  points  outward  at  o  «  «  *  “»  computed  here,  is  to 

i  angle.  In  other^wor^,  WTa  moved  in  azimuth  from 

% 

% 

% 

% 


wmai  points  fh®  bistatic  RCS  computed  here, 

angle •  In  reUiver  were  moved  in  azimuth  from 

a  rreasured  brstatic  RCS  ,  leaving  the 

0  through  -end^engle'  *f®”“tWtba  given  illumination  wxgl«. 
transmiter-s  position  £i*ed  at  tne  g 

.  .  _  £ _ an  Artrrl  **  res< 


transmiter- »  position  ti*ea  ^  ^  d#g< 

4  Also  note  that  because  £«t  the 

*  ^ 

simplifies  the  computation*  tx  illumination  angle  1*  45  defl- 

bistatic  ECS,  For  RCS  at  the  0  deg  az  position  would  be  the 

Th*  Crispin*  oCDiiv.  bls^  half  the  TX  illumination  , 

s  Sears's!  ss„“3  S-g-rjrss 
sss:  ‘«r  ^  eh* 

of  this  nes  amplitude  data  point  is  4b- 

•  »=  matrix  =  zeros  |Size(crispin_angles,2>/3'.'  spi.n_angleB.2n '! 

criapin^osjnatrix  zero  < ^  (de8ire<jjlstBtic_ri  ,  1 ,  sizeJcrxep  n_ 

sSSjsffii:’.! : 


% 

% 

% 

% 

% 

% 

% 

% 

% 


%  Plot  generation 

if  l»ny  (plot_Aum) ) 
figure  (plctjw-tO 

figure <£is— n°> 

end 

plot ■=’  ' 1 ” '  ' 

hold  6fl; 

ylabel { ’RC$  <dBsn) 1 ) ; 

xla&elt’Rx  IjooR  An^jla  (deg)  )* 

grid  on;  *t  . ,  Crispins  Etjuiv.  Bist&tic  Pattern 

*■«  TX  i^luro^atiDn  **igl*’n)! 

£  ig_jio=  f  iaJft°  f  1  * 
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% 

% 

% 

% 

i 

k 

% 

% 

% 

% 

% 

% 

% 

% 

% 

k 

% 

% 

<t 

% 

* 

% 

% 

% 

% 

* 

% 

% 

% 

% 

% 

% 

% 


WATLAS  SCRIPT! 
linage  i 

papendenci.es: 


crispi  J 

crises 

loddj_a.m  or  loadj^c.w 


Function:  Extracts  ecstatic  cats  from  global  ^ 

to  bistatic  data  at  the  given  RT  uBxng  Criopxn  B  aouivaienc* 

theorem  (‘’ires'’  matrix  must  be  , 

loaded  first  by  haviog  loodj.a-m.  of  loadj_c.m  SCTiOtE  aval 
*the  data  is  plotted  to  the  specified  figure  number  * 

Object  IP  (A  -  C,  for  which  Crispin  RCS  will  bo 
generated 

plvt^pol;  Variable  specifying  which  polarisation  to  plot 

jdeBir»<»J»iat&ei(^rf:  RF  at  which  an  equivalent  bistatic  RCS  plot  will  be 

generated  from  moncstatic  date.  __ , 

Valid  RF  rar.geS  are  7- 00-c=desii;e<3_»i-atftti.a_ 
with  0.01  increments . 

Start_angle:  Begining  receiver  azimuth  look  angle  for  which  RC3  mag  will 
be  computed 

endwjanglei  Ending  receiver  azimuth  look  *ngi»  for  which  RCS  mag  will 

be  computed 

tX^lllunL.ar.gloi  peair^d  TX  illumination  angle 

plot_n«n.  figure  n-^mber  to  which  data  will  be  plotted!  U  none  give-, 
standard  *  f  iCLjno'  used 

ef lag:  flag  indiating  line  type  for  plot 


clear  Global  EindI_jrCS 

clear  jmono^glesl  jmono^anglesZ  Dmono-anglcs 
Clear  jcrispin^angleel  jerisp  wangles  2  jcrispiA_an*l« 
clear  jcrispin^start_rf  jehosen^rf  finai_jr£ .vector 
global  jrcs  final.jrcs  figjio  jmono.rca.xn^uf f«r 


%  Tha  following  variablea  are  defined  above 


j  desired,  tar  set  -  iavput  i  1  object:  '  r  ’s'); 
j  dee  ir  s  toti  =  input ( *3ist otic  8.P?  it 

plot^pol  -  input  ('Plot  which  polarization?  (Hi  V, 

=  input  ( 1  TX  illumination  angle: 
diep<"***  Valid  receiver  positCW  angles  are:  ***1) 
diopT  Oblect  A  Sc  Os  0  to  1B0  (deg)'); 
start-angle  =  input  l ’  Starting  RX  position  angles 
end^ongle  =  input l * Ending  RX  position  angle: 


Bs=bcth)  : 


p'ot_aun  =  input (* Figure  number:  '); 
cflagl  =  input ( 1  Plot  line  1  type/caior=  1 
if (plot_pol  -  ’a') 

cfidg2  *  inputCPlot  line  2  type/ color: 
end 


? 

•s'  \ ; 


•  s  ‘ 5  i 


%  validate  input  variables: 

%  Cheek  to  see  if  desired  target  type  is  valid 


|  3 doni red-target  ==  *Cf) 


ok  =  0; 

while (ok  “»  1) 
if  (j desired-target  =- 

ok  -  if 
el  s  6 

aisp(  ‘  Please  specify  valid  Object  IDAft'l ,  . 

3beBir*<3L-t«xget  =  input  ('Plot  date  for  which  target  <*■  or  c) 


s'  1  ; 
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end 

end 

%  Check  to  see  if  polarization  input  is  valid 
ok  -  0; 

while (ok  ~=  1) 

if  (plot _ pol  ==  'V'  |  plot_pol  ==  1 H’ |  plot_pol  ==  'B') 

ok  =  1; 

else 

disp ('Please  specify  valid  character  for  polarization  you  wish  to  plot.\n’); 
plot_pol  =  input ('Plot  which  polarization?  (H,  V,  B=both) :  ','s'); 

end 

end 

%  Check  to  see  if  RF  input  is  valid 
ok  =  0; 

while  (ok  ~=  1) 

if  ( jdesired__bistatic_rf  >=7.0  |  jdesired__bistatic_rf  <*=  15.0) 
ok  =  1; 

else 

disp(' Please  specify  valid  RF . \n 1 ) ; 

jdesired_bistatic_rf  =  input('Plot  which  RF?  (7.0  -  15.0  GHz):  ?,'s'); 

end 

end 

%  Check  to  see  if  receiver  position  angles  are  valid 
ok  =  0; 

while (ok  ~=  1) 

if  (start_angle  >=  0  &  end_angle  <=  180.0) 
ok  =  1/ 

else 

disp ('Please  specify  valid  begining/ending  receiver  position  angle.'); 
start_angle  =  input ('Start  angle?  (0  to  +180  deg):  '); 
end_angle  =  input ('End  angle?  (0  to  +180  deg):  '); 

end 

end 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  W  &  HH-pol 
data  if  necessary 

if  ( [size ( jrcs, 1)  0]  &  [strcmp ( jmono_rcs_in_buf fer, jdesired_target) ]  ) 

; 

elseif  ( jdesired_target  ==  'A') 

disp (' Loading  Object  A  monostatic  data  (JRC) ...'); 
jrcs  =  loadj_a; 

disp ( 'Finished  loading  Object  A  data...'); 
jmono_rcs_in_buffer  =  jdesired_target; 
elseif  ( jdesired_target  ==  'C') 

disp ( 'Loading  Object  C  monostatic  data  (JRC)...'); 
jrcs  =  loadj_c; 

disp (' Finished  loading  Object  C  data...'); 
jmono_rcs_in_buffer  =  jdesired^target; 

end 


%  Compute  Crispin's  approximate  RCS 

%  Store  Crispin's  equivalent  bistatic  data  taken  from  jrcs  matrix 
%  into  ”final_jrcs"  matrix;  the  data  therein  is  as  follows: 

% 


%  Column: 
%  1 
% 

%  2 
% 

%  3 

% 


Data  Description: 

Monostatic  RFs  corresponding  to  equivalent  bistatic  RF  at 
each  azimuth  look  angle  (these  should  all  be  the  same  value) 

Monostatic  azimuth  look  angles  relative  to  0  deg  azimuth  (extracted 
from  the  *'jrcs"  matrix 

Monostatic  azimuth  look  angles  relative  to  0  deg  azimuth  (extracted 
from  the  " jmon_angles"  matrix 
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% 

%  **  Note:  cols  2  &  3  are  redundant;  they  are  provided  as  a  check  between 

%  the  angle  data  pulled  from  the  "jrcs"  matrix  and  the  known  correct 

%  angle  data  contined  in  the  " jmono_angles"  vector  (these  cols  should 

%  have  identical  numbers) 

% 

%  4  Equivalent  RX  look  angles  to  be  used  for  bistatic  plot  generation 

%  5  W-pol  RCS  amplitude  data 

%  6  HH-pol  RCS  amplitude  data 

%  7  RF  &  RCS  amplitude  position  indicator  (within  jrcs  matrix;  not 

%  normally  computed/stored,  but  useful  for  trouble  shooting  if  needed) 

disp ( 'Computing  Crispins  equiv.  bistatic  RCS  from  JRC  data...'); 
jmon_rfs  =  [7.00:0.01000000000000:15.00]; 

%  Compute  monostatic  angles  whose  corresponding  RCS  amplitude  data  will  be  used 
%  as  the  Crispin's  equiv.  bistatic  RCS  (this  vector  is  dependent  on  the  given 
%  starting/ending  RX  position  angles) 

jmono  anglesl  —  [ceil  ( (tx_illum_angle-start_angle) /2) : 1 . 0 : tx_illum_angle-l] ; 
jmono“angles2  =  [txji.llum_angle:  1 . 0 :  tx_illum_angle+f loor  ( (end_angle-tx_illum_angle)  / 2)  ]  ; 
jmono_angles  «*  cat (2, jmono_anglesl, jmono_angles2) ; 

%  Compute  equivalent  bistatic  angles  from  the  monostatic  angles  (these  should  occur 
%  at  2  deg  increments  away  from  the  TX  illumination  and  be  bounded  by  the  given 
%  starting/ending  RX  position  angles 

j  crispin_anglesl  =  (tx_illum_angle-2 . *abs ( jmono_anglesl (1, : ) -tx_illum_angle) ) ; 
j  crispin_angles2  =  (tx_illum_angle+2 . *abs ( jmono_angles2 (1, : ) -tx_illum_angle) ) ; 
j  crispin_angles  =  cat (2, jcrispin_anglesl, jcrispin__angles2) ; 
jcrispin_start_rf  =  100* ( jdesired_bistatic_rf-jmon_rfs (1,1)) +1; 


%  Find  final  res  matrix 
jchosen_rf  =  jdesired_bistatic_rf ; 

final_jrf_vector  =  repmat (jchosen_rf, 1, length (jcrispin_angles) ) ; 
e  =  1; 

index_d  =  length (final_jrf_vector) ; 
index_e  =  length (jrcs) ; 
counter  =0; 

final_jrcs  *  zeros (index_d, 6) ; 
for  d  =  1 : index_d 
counter  =0; 
while (counter  1) 

if  ( [abs (jrcs (e, 1 ) -final_jrf_vector ( 1, d) )  <=  0.00001]  &  [abs ( jrcs (e, 2)  - 
jmono_angles (1, d) )  <=  0.00001]  ) 

finaljrcs  (d,  1) 
final__jrcs  (d,  2) 

matrix 

final_jrcs (d, 3) 

" jmono_angles"  vector 

final__j res  (d,  4) 
final_jrcs (d, 5) 
final_jrcs (d, 6) 

%final_jrcs (d, 7) 
counter  ■  1; 
e  =  e+1; 

else 

e  =  e+1; 

end 

end 

end 


=  jrcs (e, 1) ;  %  RF  data 

=  jrcs (e, 2);  %  monostatic  AZ  look  angle  from  "jrcs" 

=  jmono_angles (l,d) ;  %  monostatic  AZ  look  angle  from 

=  jcrispin_angles (1,  d) ;  %  RX  look  angles 
=  jrcs  (e,  5);  %  W-pol  RCS  data  (dBsm) 

=  jrcs (e, 3);  %  HH-pol  RCS  data  (dBsm) 

=  e; 


%  Plot  generation 


if  (any  (plot_num) ) 
figure  (plot_num) 
else 

figure  (fig_no) 
f i g_no= f i g_no + 1 ; 

end 


switch  plot_pol 
case  'V' 

plot (final_j res ( : , 4) , final J res ( : , 5) ,  cflagl) ; 
hold  on; 

ylabel  ( '  RCS  (dBsm)  1  )•; 

xlabel ( ' Rx  Look  Angle  (deg)*); 

grid  on; 

title ({[ 'Object  ' , jdesired_target, ' :  Crispins  Equiv.  Bistatic  Pattern  Cut:  JRC 
Data,  W-Pol ,  ',  num2str  ( jdesired__bistatic_rf )  ,  '  GHz  *  ] ,  [num2str  (tx_illum_angle) ,  '  deg  TX 

illumination  angle’]}); 
case  *H' 

plot ( f inal_j  res ( : , 4 ) , f inal_j  res ( : , 6 ) ,  cflagl ) ; 
hold  on; 

ylabel {’RCS  (dBsm) ’); 
xlabel {'Rx  Look  Angle  (deg)'); 
grid  on; 

title ({[ 'Object  ' , jdesired_target, ' :  Crispins  Equiv.  Bistatic  Pattern  Cut:  JRC 
Data, HH-Pol,  num2str ( jdesired_bistatic_rf ) , ’  GHz ' ] , [num2str (tx_illum_angle) ,  deg  TX 
illumination  angle ’ ] } ) ; 
case  'B' 

plot (final_jrcs { : , 4) , final_jrcs ( : , 5) ,  cflagl); 
hold  on; 

plot  (f inal_jrcs  { : ,  4 ) ,  final  Jrcs  ( : ,  6)  ,  cflag2) 

ylabel ('RCS  (dBsm)'); 

xlabel (' Rx  Look  Angle  (deg)'); 

grid  on; 

title ({[ 'Object  ' , jdesired_target, ' :  Crispins  Equiv.  Bistatic  Pattern  Cut:  JRC 
Data,W  &  HH-Pol ,  num2str { jdesired_bistatic_rf ) , '  GHz  '  ] ,  [num2str  (tx_ji.llum_angle)  ,  deg 
TX  illumination  angle']}); 

legend  (’ W-pol 1  HH-pol ') ; 

end 

f i g_no=f i g_no+l ; 


%  MATLAB  SCRIPT:  fd.m 

%  Usage:  fd 

%  Dependencies:  2  matrices  containing  angle  and  RCS  amplitude  data  for  the  plots 

%  under  consideration;  one  matrix  must  be  the  true  bistatic 

%  measurement  data  collected  by  the  JRC,  the  other  should  be 

%  the  "test”  matrix  which  will  be  compared  to  this  "true"  data 

% 

%  Function:  Extracts  RCS  amplitude  and  RX  look  angle  info,  from  given  matrices 
%  and  finds  the  mean  and  standard  deviation  of  the  "test"  data 

%  from  the  true  bistatic  signature  data.  Only  dBsm  units  are  computed, 

%  but  lines  computing  the  difference  in  straight  units  are  included 

%  in  the  script  for  additional  functionality.  They  happen 

%  to  be  commented-out  right  now. 

% 

% 

%  User  inputs: 

% 

%  test_matrix:  Matrix  containing  simulated  or  otherwise  computed  bistatic  data 
%  which  will  be  compared  to  the  measured  data 

% 

%  plot_pol:  Polarization  of  difference  vectors 
% 
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%  plot  mam:  figure  number  to  which  difference  (mean)  data  will  be  plotted; 
%  ”  if  none  given,  standard  ’ fig_no '  used 

% 

%  cflagl  &  2:  flag  indiating  line  type  for  plot 
% 

% 

%  ****  Before  using  this  script,  be  sure  to  run  jplott.m  and  **** 

%  ****  whatever  script  will  produce  the  desired  bistatic  RCS  **** 

%  ****  which  will  be  compared  to  it.  **** 


clear  diff_vector 
global  diff_vector 


test_matrix  =  input (’Test  matrix:  ',’s’); 

if  { length (test_matrix)  ~=  length (’ whole_kell_rcs ’ ) ) 

plot _ pol  =  input (’Plot  which  polarization?  (H,  V,  B=both) :  ’ ,  ’s’); 

end 

final__jtrcs2  =  final_jtrcs; 
plot_num  =  input (’ Figure  number:  *); 
cflagl  =  input (’Line  color:  ’,  ’s’); 
if (plot_pol  ==  ’B’) 

cflag2  =  input (’Line  color:  ’s’); 

end 


final_jtrcs2  ( : ,  5)  =  sqrt  (10. A  (final_jtrcs2  ( : , 3)  .  /20) ) ;  %  W-pol  RCS  field  amplitude 

(straight  units)  . 

final_jtrcs2 ( : , 6)  =  sqrt (10 . A (final_jtrcs2 ( : , 4) . /20) ) ;  %  HH-pol  RCS  field  amplitude 

(straight  units) 

if  (strcmp (test_matrix, ’ whole_kell_rcs ’ ) ) 

sizel  =  length  { finalj trcs2 ) ; 
size2  =  length (whole_kell_rcs) ; 

whole  kell_rcs(:,7)  =  sqrt (10 . A (wholeJcell_rcs ( : , 6) . /20) ) ; 


if  (sizel  >=  size2 ) 
e  =  1; 

counter  =0; 

dif f_vector  =  zeros (size2, 4 ) ; 
for  i  -  l:size2 
counter  =0; 
while (counter  1) 

if  (final  Jtrcs2  (e,  2)  -whole_kell_rcs  (i,  2)  >  0.0001) 
break; 

else 

if  (  [abs  (final_jtrcs2  (e,2) -whole_kell_rcs  (i,  2)  )  <=  0.00001]  &  [e  <=  180]) 

if ([final_jtrcs2(e,2)  >-  41]  &  [final_jtrcs2 (e, 2)  <=  49]  &  [desired_target 
—  ’c’  |  desired_target  ==  ’ D ’ ] ) 

diff_vector (i, 1)  =  final_jtrcs2 (e, 2) ; 
diff_vector (i,  2)  =  who le_ke litres (i, 2) ; 

diff  vector (i, 3:5)  -  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%diff_vector(i,4)  =  d;  %  counter 

%diff_vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =1; 
e  =  e+1; 

else 

diff_vector (i,  1)  =  finalj trcs2 (e, 2) ; 
diff_vector (i, 2)  =  whole_kell_rcs (i, 2) ; 

%  diffjvector (i,5)  -  - (final_jtrcs2 (e, 5)  -  who lejce litres  (i, 7) ) ;  % 

W-pol  RCS  amplitude  difference  value  (straight  units) 
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diff_vector (i, 3)  =  final_Jtrcs2(e,3); 
dif f_vector (i,  4 )  -  whole_kell_rcs (i, 6) ; 

dif f_vector (i, 5)  =  - (final _jtrcs2 (e, 3)  -  whole_kell_rcs (i, 6) ) ;  % 

W-pol  RCS  amplitude  difference  value  (dBsm  units) 

%diff_vector (i, 6)  =  d; 

%dif fjvector (i, 7)  =  e; 

indicator 

counter  =  1; 
e  =  e+1; 

end 

elseif  (e  ==  181) 
counter  =  1; 
else 

e  =  e+1; 

end 
end 
end 

end 


%  counter 

%  diff_vector  row  position 


else 

e  =  1; 

counter  =0; 

diff_vector  =  zeros (sizel, 3) ; 
for  i  =  l:sizel 
counter  =0; 
while (counter  1) 

if  (final_jtrcs2 (e, 2) -whole_kell_rcs (i, 2)  >  0.0001) 
break; 

else 

if  (abs  (final_jtrcs2  (e,  2) -whole__kell_rcs  (i,  2)  )  <=  0.00001) 

if ( [ f inal_j trcs2 (e, 2)  >=  41]  &  [final_jtrcs2 (e, 2)  <«  49]  &  [desired_target 
==  'c*  I  desired_target  ==  1 D ’ ] ) 

dif f_vector (i, 1)  =  final _jtrcs2 (e, 2) ; 
diff_vector (i, 2)  =  whole_kell_rcs (i, 2) ; 

dif f_vector (i, 3 : 5)  =  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%dif f_vector (i,  4 )  =  d;  %  counter 

%diff_vector(i,5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =  1; 
e  =  e+1; 

else 


dif f_vector (i, 1)  =  final_jtrcs2(e,2); 
diff_vector (i, 2)  =  whole_kell_rcs (i, 2) ; 

%  dif f_vector (i, 5 )  =  - (final_jtrcs2 (e, 5)  -  who lejce litres (i, 7) ) ;  % 

W-pol  RCS  amplitude  difference  value  (straight  units) 

diff_vector (i, 3)  =  final_jtrcs2 (e, 3) ; 
diff_vector (i, 4 )  -  whole_kell_rcs (i, 6) ; 

diff_vector (ir 5)  =  - (f inal_jtrcs2 (e, 3 )  -  whole_kell_rcs <i, 6) ) ;  % 

W-pol  RCS  amplitude  difference  value  (dBsm  units) 

%diff_vector (i, 6)  =  d; 

%diff_vector (i,  7)  -  e; 

indicator 

counter  =  1; 
e  =  e+1; 

end 
else 

e  -  e+1; 

end 
end 
end 


%  counter 

%  dif f_vector  row  position 
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end 


end 

figure  (plot_num) 

plot (diff_vector ( : ,2) ,diff_vector ( : , 5) ,  cflagl) ; 
hold  on; 

%  ylabel ( 1 RCS  Amplitude  Difference  (straight  units)1); 
ylabel ( 'RCS  Amplitude  Difference  (dBsm) 1 ) ; 

xlabeM’Rx  Look  Angle  (deg)1); 
grid  on; 

title ({[ 1 Obj ect  desired  target,1.  Difference  Plot:  Kells  Equiv.  Bistatic  RCS  (JRC)  - 
Measured  Bistatic  RCS  ( JRC) 'T,  [  ’  W-pol,  \  num2str  (desired_jtrf) , '  GHz,  45  deg  TX 
illumination  angle1]}); 

elseif  (strcmp (testjnatrix, 1 crispin_rcs_matrix 1 ) ) 

sizel  =  length  (final  Jtrcs2) ; 
size2  -  length(crispin_rcs_matrix); 

crispin_rcs_matrix(:,4)  =  sqrt (10 . A (crispin_rcs_matrix ( : , 3) . /20) ) ;  %  W-pol 

Crispin's  RCS  field  amplitude  (straight  units) 

if  (sizel  >=  size2) 

e  =  1; 

counter  =0; 

diff_vector  -  zeros (size2, 4) ; 
for  i  =  l:size2 
counter  =  0; 
while (counter  -=  1) 

if  (final_jtrcs2 (e, 2) -crispin_rcs_matrix (i, 2)  >  0.0001) 
break; 

else 

if  ( [abs  (final_jtrcs2  (e,  2) -crispin_rcs_matrix  (i,  2)  )  <=  0.00001]  &  [e  <=  180]) 

if ( [final_jtrcs2 (e,  2)  >=  41]  &  (final_jtrcs2 (e,  2)  <=  49]  &  [desired_target 
==  'C'  |  desired_target  ==  'D']) 

diff_vector (i, 1)  =  final_jtrcs2 (e, 2) ; 
diff_vector (i,  2)  =  crispin_rcs_matrix (i, 2 ) ; 

diff_vector (i,3:5)  =  NaN;  %  No  measured  RCS  data 

between  41  &  49  deg;  no  amplitude  difference  data  either 

%dif f_vector (i, 4 )  =  d;  %  counter 

%diff_vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =1; 
e  *  e+1; 

else 

dif f_vector  (i,  1)  =  final  Jtrcs2  (e,  2) ;  %  measured  RCS  angle 

(should  be  same  as  column  2  below) 

dif f_vector (i, 2)  =  crispin_rcs_matrix (i, 2) ;  %  Crispin's  RCS  angle 

(should  be  same  as  column  1  above) 

%  di f f_vector ( i , 5 )  =  - (final_jtrcs2 (e, 5)  -  crispin_rcs_matrix (i, 4 ) ) ; 

%  W-pol  RCS  amplitude  difference  value  (straight  units) 

dif f_vector (i, 3)  =  final_jtrcs2 (e, 3) ; 
diff_vector (i, 4)  -  crispin_rcs_matrix(i,3); 

diff_vector  (i,5)  =  -  (f inal_jtrcs2  (e,  3)  -  crispin_rcs__matrix  (i,  3)  )  ; 

%  W-pol  RCS  amplitude  difference  value  (dBsm  units) 

%dif f_vector (i, 6)  =  d;  %  counter 

%diff_vector (i, 7)  =  e;  %  diff_vector  row  position 

indicator 

counter  -  1; 
e  =  e+1; 

end 

elseif  (e  ==  181) 
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counter  =1; 
else 

e  =  e+1; 

end 

end 

end 

end 

else 

e  =  1 ; 

counter  =0; 

dif f_vector  =  zeros (sizel, 3) ; 
for  i  =  lisizel 
counter  =0; 
while (counter  1) 

if  (final_jtrcs2 (e, 2) -crispin_rcs_matrix (i, 2)  >  0.0001) 
break; 

else 

if  (abs (final_jtrcs2 (e, 2) -crispin_rcs_matrix (i, 2) )  <=  0.00001) 

if ( [final_jtrcs2 (e, 2)  >=  41]  &  [final_jtrcs2 (e, 2)  <=  49]  &  [desired_target 
==  *Cf  |  desired_target  ==  ' D ’ ] ) 

diff_vector (i,  1)  =  finaljj  trcs2 (e, 2) ; 

dif f_vector (i,  2)  =  crispin_rcs_matrix <i, 2) ; 

diff  vector (i, 3 : 5)  =  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%diff_vector (i,  4)  «  d;  %  counter 

%diff_vector  (i,  5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =  1; 
e  =  e+1; 

else 

dif f_vector ( i , 1 )  =  final _jtrcs2 (e, 2) ;  %  measured  RCS  angle 

(should  be  same  as  column  2  below) 

diff_vector (i,  2)  =  crispin_rcs_matrix (i, 2) ;  %  Crispin’s  RCS  angle 

(should  be  same  as  column  1  above) 

%  diff_vector (i,5)  =  - (f inal_jtrcs2 (e, 5)  -  crispin_rcs_matrix (i, 4 ) )  ; 

%  W-pol  RCS  amplitude  difference  value  (straight  units) 

dif f_vector (i, 3)  =  final_jtrcs2 (e, 3) ; 
diff_vector (i, 4)  «  crispin_rcs_matrix(i,3); 

dif f_vector (i, 5)  =  - (final_jtrcs2 (e, 3)  -  crispin_rcs_matrix ( i, 3) )  ; 

%  W-pol  RCS  amplitude  difference  value  (dBsm  units) 

%diff_vector (i, 6)  «  d;  %  counter 

%dif f_vector (i, 7)  =  e;  %  diff_vector  row  position 

indicator 

counter  -  1; 
e  =  e+1; 

end 

else 

e  =  e+1; 

end 

end 

end 

end 

end 

figure  (pi ot_num) 

plot (diff_vector ( : , 2) ,diff_vector ( : , 5) ,  cflagl); 
hold  on; 

%  ylabel ( ' RCS  Amplitude  Difference  (straight  units)'); 
ylabelC RCS  Amplitude  Difference  (dBsm)’); 
xlabeK'Rx  Look  Angle  (deg)  ' )  ; 
grid  on; 
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title ({[' Object  ' , desired_target, 1 ,  Difference  Plot:  Crispins  Equiv.  Bistatic  RCS 
( JRC)  -  Measured  Bistatic  RCS  ( JRC) 1 ] , [ ' W-pol,  num2str (desired_j trf ) , 1  GHz,  45  deg  TX 
illumination  angle']}); 

elseif  (strcmp (test_matrix, ' whole_jkell_rcs ' ) ) 

sizel  *  length (final_jtrcs2) ; 
size2  =  length {whole_jkell_rcs) ; 

whole_jkell_rcs ( : , 8)  -  sqrt {10. A (whole_jkell_rcs ( : , 7) . /20) ) ;  %  HH-pol  Kell's  RCS  field 
amplitude  (straight  units) 

who le_jke litres  ( : ,  9)  =  sqrt  (10 . A  (wholeJkell_rcs  ( : ,  6) . /20) ) ;  %  W-pol  Kell's  RCS  field 
amplitude  (straight  units) 


if  (sizel  >=  size2) 
e  -  1; 

counter  =  0; 

diff_vector  =  zeros (size2, 4 ) ; 
for  i  =  l:size2 
counter  =0; 
while (counter  ~=  1) 

if  (final_jtrcs2 (e, 2) -whole _jkell_rcs (i, 2)  >  0.0001) 
break; 

else 

if  <  [abs  (final_jtrcs2  (e,  2) -whole_jkell_rcs  (i,  2) )  <=  0.00001]  &  [e  <-  180]) 

if ( [final_j trcs2 (e, 2)  >=  41]  &  [final_jtrcs2 <e, 2)  <=  49]  &  [desired_target 
«=  ' c*  I  desired__target  ==  ' D ’ ] ) 

diff_vector (i, 1)  =  final _j trcs2 (e, 2) ; 
diff__vector  (i,  2)  =  whole_jkell_rcs (i, 2) ; 

diff_vector (i, 3: 8)  =  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%dif f_vector (i, 4 )  *  d;  %  counter 

%diff_vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =1; 
e  =  e+1; 

else 

diff_vector(i,l)  -  final_jtrcs2 (e, 2) ;  %  measured  RCS  angle 

(should  be  same  as  column  2  below) 

dif f_vector (i, 2)  =  whole_jkell_rcs (i, 2) ;  %  Kell's  RCS  angle 

(should  be  same  as  column  1  above) 

dif f_vector (i, 3)  =  - (final_jtrcs2 (e, 5)  -  whole_jkell_rcs (i, 9) )  ;  % 

difference  value  (straight  units) 

dif f_vector (i,  8 )  =  - (f inal_jtrcs2 (e, 6)  -  whole _jkell_rcs  (i, 8) )  ;  % 

difference  value  (straight  units) 
diff_vector (i, 3)  -  final_j trcs2 (e, 3) ; 
dif  f__vector  (i,  4 )  =  whole_jkell_rcs (i, 6) ; 

dif f_vector (i , 5 )  -  - (final_jtrcs2 (e, 3)  -  whole_jkell_rcs (i, 6) ) ;  % 

difference  value  (dBsm  units) 
dif f_vector (i, 6)  =  final_jtrcs2 (e,  4)  ; 
dif f_vector (i, 7)  -  whole_jkell_rcs (i,  7) ; 

diff_vector (i, 8)  =  - (final_jtrcs2 (e, 4)  -  whole_jkell_rcs (i, 7) ) ;  % 

difference  value  (dBsm  units) 

%diff_vector (i, 9)  -  d;  %  counter 

%diff_vector (i, 10)  «  e;  %  diff_vector  row  position 

counter  =1; 
e  =  e+1; 


elseif  (e  ==  181) 
counter  =  1; 
else 

e  =  e+1; 

end 


% 

W-pol  RCS  amplitude 
% 

HH-pol  RCS  amplitude 


W-pol  RCS  amplitude 


HH-pol  RCS  amplitude 


indicator 


end 
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end 

end 

end 

else 

e  -  1; 

counter  =0; 

diffjvector  =  zeros (sizel, 3) ; 
for  i  =  l:sizel 
counter  =0; 
while (counter  ~=  1) 

if  (final_jtrcs2 (e, 2) -whole_jkell_rcs (i, 2)  >  0.0001) 
break; 

else 

if  (abs (final_jtrcs2 (e, 2) -whole_j kell_rcs (i, 2) )  <=0.00001) 

if ([final_jtrcs2(e,2)  >=  41]  &  [final_jtrcs2 (e, 2)  <=  49]  &  [desired_target 

==  'C*  |  desired_target  ==  ’ D 1 ] ) 

diff _vector (i,  1)  =  final _jtrcs2 (e,  2) ; 
diffjvector ( i ,  2 )  =  whole_jkell_rcs (i, 2) ; 

diff  vector (i, 3: 8)  -  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%diff ^vector (i, 4)  =  d;  %  counter 

%diff_vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =  1; 
e  -  e+1; 

else 

diff jVec tor (i, 1)  =  final_jtrcs2 (e, 2) ; 

(should  be  same  as  column  2  below) 

diff_vector(i,2)  «  whole_j kell_rcs (i, 2) ; 

(should  be  same  as  column  1  above) 

%  diff __vector  (i,  3)  =  -  (final_jtrcs2  (e,  5) 

W-pol  RCS  amplitude  difference  value  (straight  units) 

%  diff_vector (i, 8)  =  - (f inal_jtrcs2 (e, 6) 

HH-pol  RCS  amplitude  difference  value  (straight  units) 

dif  f __vector  (i,  3)  =  final_j trcs2 (e, 3) ; 
dif f_vector (i , 4 )  =  whole_jkell_rcs  (i,  6) ; 

diff_vector  (i,  5)  =  -  (final  Jtrcs2  <e,  3)  -  whole_jkell_rcs (i, 6) ) ; 
W-pol  RCS  amplitude  difference  value  (dBsm  units) 

diff__vector  (i,  6)  =  final_jtrcs2(e,4); 
dif f ^vector (i, 7)  =  whole_jkell_rcs  (i,  7) ; 

diff  ^vector  (i,8)  =  -  (final_jtrcs2  (e,  4 )  -  whole_jkell  jcs  (i,  7)  )  ; 
HH-pol  RCS  amplitude  difference  value  (dBsm  units) 

%diff ^vector (i, 4)  =  d;  %  counter 

%dif f ^vector (i ,  5 )  =  e;  %  diffjvector  row  position 

indicator 

counter  =1; 
e  =  e+1; 

end 

else 

e  =  e+1; 

end 
end 
end 

end 

end 

figure (plot_num) 
switch  plot_pol 
case  'V' 

plot (diff_vector (: ,2) , diff jVector( : , 5) ,  cflagl) ; 


%  measured  RCS  angle 
%  Kell's  RCS  angle 

-  wholejjkelljrcs ( i , 9) ) ;  % 

-  wholejjkelljrcs (i, 8) ) ;  % 
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hold  on; 

%  ylabel(’RCS  Amplitude  Difference  (straight  units)'); 

ylabelCRCS  Amplitude  Difference  (dBsm) ' ) ; 
xlabel ( ' Rx  Look  Angle  (deg) ' ) ; 
grid  on; 

title ({[' Object  ' , desired_target, ' ,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS 
( JRC )  -  Measured  Bistatic  RCS  ( JRC) ' ] , [ 1 W-pol,  num2str (desired_jtrf ) , '  GHz,  45  deg  TX 
illumination  angle']}); 
case  'H' 

plot (diff_vector ( : , 2) , dif f_vector ( : , 8) ,  cflagl) ; 
hold  on; 

%  ylabelCRCS  Amplitude  Difference  (straight  units)'); 

ylabel('RCS  Amplitude  Difference  (dBsm)'); 
xlabel ('Rx  Look  Angle  (deg)'); 
grid  on; 

title ({[ 'Object  ' , desired_target, ' ,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS 
(JRC)  -  Measured  Bistatic  RCS  ( JRC) '],[ 'HH-pol,  num2str (desired_jtrf ) , '  GHz,  45  deg  TX 

illumination  angle']}); 
case  'B' 

plot (diff_vector { : ,2) ,  diff_vector ( : , 5) ,  cflagl) ; 
hold  on; 

plot  (diff_vector  ( : ,  2) ,  dif  f__vector  ( : ,  8) ,  cflag2) 

%  ylabelCRCS  Amplitude  Difference  (straight  units)’); 

ylabelCRCS  Amplitude  Difference  (dBsm)'); 
xlabel ('Rx  Look  Angle  (deg)'); 
grid  on; 

title ({[ 'Object  ' , desired_target, ' ,  Difference  Plot:  Kells  Equiv.  Bistatic  RCS 
(JRC)  -  Measured  Bistatic  RCS  { JRC)  '],[ 'W-pol  &  HH-pol,  ',  num2str  (desired_jtrf )  ,  '  .  0 
GHz,  45  deg  TX  illumination  angle']}); 
legend  ( '  W-pol  ’ ,  '  HH-pol ' )  ; 

end 


elseif  (strcmp (test_matrix, ' final_jrcs ' ) ) 

sizel  =  length (final_j trcs2 ) ; 
size2  «  length (final_j res) ; 

finaljrcs  ( : ,  7)  =  sqrt  (10.  A  (finaljrcs  ( : ,  5)  . /20)  ) ;  %  W-pol  Crispin's  RCS  field 
amplitude  (straight  units) 

final_jrcs ( : , 8)  •  sqrt (10 . A (final_jrcs ( : , 6) . /20) ) ;  %  HH-pol  Crispin's  RCS  field 
amplitude  (straight  units) 


if  (sizel  >=  size2) 
e  «  1; 

counter  =  0; 

diff_vector  =  zeros (size2, 8 ) ; 
for  i  =  l:size2 
counter  .=  0; 
while (counter  1) 

if  (final_jtrcs2 (e, 2) -final_jrcs (i, 4 )  >  0.0001) 
break; 

else 

if  ( [abs  (final_jtrcs2  (e,  2) -final  Jrcs  (i,  4 ) )  <=  0.00001]  &  [e  <=  180]) 

if ( [final_jtrcs2 (e, 2)  >=  41]  &  [final _jtrcs2 (e, 2)  <=  49]  &  [desired_target 
“  'C'  |  desired_target  ==  ' D ' ] ) 

diff_vector (i, 1)  =  final J trcs2 (e, 2 ) ; 
dif f_vector (i, 2)  =  final_jrcs (i, 4 ) ; 

diff_vector (i, 3 : 8)  NaN;  %  No  measured  RCS  data  between 

41  &  49  deg;  no  amplitude  difference  data  either 

%dif f_vector (i, 4 )  =  d;  %  counter 

%diff_vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =1; 
e  *  e+1; 

else 
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final_jtrcs2 {e, 2) ; 


%  measured  RCS  angle 
%  Crispin’s  RCS  angle 

%  W- 


diff_vector { i , 1) 

(should  be  same  as  column  2  below) 

dif f_vector (i, 2)  =  finaljj  res (i, 4 ) ; 

(should  be  same  as  column  1  above) 

%  dif f ^vector ( i ,  5 )  =  - (final_jtrcs2 (e, 5)  -  finaljjrcs (i, 7) ) ; 

pol  RCS  amplitude  difference  value  (straight  units) 

%  diffjvector (i,  8)  =  - (final jjtrcs2 (e, 6)  -  finaljjrcs  (i,  8)  ) ;  %  HH- 

pol  RCS  amplitude  difference  value  (straight  units) 

diff_vector (i, 3)  =  final_jtrcs2 (e, 3) ; 
diff_vector (i, 4)  -  finaljjrcs (i, 5) ; 

diffjvector  (i,  5)  =  -  (final jjtrcs2  (e,  3)  -  finaljjrcs (i, 5) ) ;  %  W- 

pol  RCS  amplitude  difference  value  (dBsm  units) 

diffjvector (i, 6)  =  finaljj  trcs2 (e, 4) ; 
diffjvector (i, 7)  =  finaljjrcs(i,6); 

dif f_vector (i,  8)  =  - (final jj trcs2 (e, 4 )  -  finaljjrcs (i, 6) ) ;  %  HH- 

pol  RCS  amplitude  difference  value  (dBsm  units) 

%diff jvector (i, 9)  =  d;  %  counter 

%diff_vector (i,  10)  =  e;  %  diffjvector  row  position 

indicator 

counter  =1; 
e  '*=  e+1; 

end 


elseif  (e  --  181) 
counter  =  1; 
else 

e  =  e+1; 

end 

end 

end 

end 


else 


e  -  1; 

counter  =0; 

diff_vector  =  zeros (sizel, 8) ; 
for  i  -  lisizel 
counter  =0; 
while  (counter  1) 

if  (finaljj trcs2 (er 2) -final_jrcs (i, 4 )  >  0.0001) 
break; 

else 

if  (abs (f inal_jtrcs2 (e, 2 ) -final J res (i, 4 ) )  <=0.00001) 


if ( [finaljj trcs2(e, 2)  >=  41]  &  [final_jtrcs2 (e, 2)  <=  49]  &  [desired_target 
==  'C*  l  desired_target  ==  ’ D '  ]  ) 

diff_vector (i, 1)  =  final_jtrcs2(e,2); 
diff_vector  (i,  2)  =  final__jrcs(i,4); 

diffjvector (i, 3: 8)  =  NaN;  %  No  measured  RCS  data 

between  41  &  49  deg;  no  amplitude  difference  data  either 

%diff_vector (i, 4 )  =  d;  %  counter 

%diff ^vector (i, 5)  =  e;  %  diff_vector  row  position 

indicator 

counter  =  1; 
e  =  e+1; 

else 


diffjvector  (i,  1)  =  final Jtrcs2  (e,  2) ; 
(should  be  same  as  column  2  below) 

diffjvector (i,2)  =  finaljj res (i, 4) ; 
(should  be  same  as  column  1  above) 

%  diffjvector (i,5)  =  - (f inal_jtrcs2 (e, 5) 

pol  RCS  amplitude  difference  value  (straight  units) 

%  dif f ^vector (i, 8 )  =  - (f inal_jtrcs2 (e, 6) 

pol  RCS  amplitude  difference  value  (straight  units) 

diffjvector (i, 3)  =  final_jtrcs2 (e, 3) ; 
diff  vector (i, 4)  =  finaljjrcs (i, 5) ; 


%  measured  RCS  angle 
%  Crispin's  RCS  angle 
finaljjrcs  (i ,  7) ) ;  %  W- 

finaljjrcs (i, 8) ) ;  %  HH- 
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%  w~ 


diff_vector {i, 5)  =  - (final_jtrcs2 (e, 3)  -  final_jrcs  (i, 5) ) ; 
pol  RCS  amplitude  difference  value  (dBsm  units) 

diff_vector (i,  6)  =final_jtrcs2(e,4); 
dif  f__vector  (i,  7)  =  final_jrcs (i, 6) ; 
diff_vector (i, 8)  =  - (f inal_jtrcs2 (e, 4 )  -  f inal_jrcs (i, 6) ) ;  %  HH- 

pol  RCS  amplitude  difference  value  (dBsm  units) 

%dif  f__vector  (i,  9)  *  d;  %  counter 

%dif f_vector (i, 10)  =  e;  %  diff_vector  row  position 

indicator 

counter  =1; 
e  =  e+1; 

end 

else 

e  -  e+1; 

end 

end 

end 

end 


end 

figure (plot_num) 
switch  plot_pol 
case  1 V 1 

plot (dif f_vector { : ,  2) , diff_vector ( : , 5) ,  cflagl) ; 
hold  on; 

%  ylabel ( ’RCS  Amplitude  Difference  (straight  units)’); 

ylabel ( ' RCS  Amplitude  Difference  (dBsm)'); 
xlabel ( ' Rx  Look  Angle  (deg) ’ ) ; 
grid  on; 

title ({['Object  ' , desired_target, ’ , Dif ference  Plot:  Crispins  Equiv.  Bistatic  RCS 
( JRC)  -  Measured  Bistatic  RCS  (JRC)  ’],  [’W-pol,  num2str  (desired_jtrf )  ,  ’  GHz,  45  deg 
TX  illumination  angle']}); 
case  'H' 

plot (diff_vector ( :,2) , dif f_vector ( : ,8) ,  cflagl); 
hold  on; 

%  ylabel ('RCS  Amplitude  Difference  (straight  units)'); 

ylabel { 'RCS  Amplitude  Difference  (dBsm) ' ) ; 
xlabel ('Rx  Look  Angle  (deg)'); 
grid  on; 

title <{ [’Object  ' , desired_target, ', Dif ference  Plot:  Crispins  Equiv.  Bistatic  RCS 
(JRC)  -  Measured  Bistatic  RCS  ( JRC) ' ] , [ 'HH-pol,  num2str (desired_jtrf ) , ’  GHz,  45  deg  TX 

illumination  angle’]))/ 
case  'B1 

plot (diff_vector ( : ,2) , dif f_vector ( : ,  5 ) ,  cflagl) ; 
hold  on; 

plot  (diff_vector  ( :  ,2) ,  dif f__vector  ( : ,  8) ,  cflag2) 

%  ylabel ('RCS  Amplitude  Difference  (straight  units) ') ; 

ylabel ( 'RCS  Amplitude  Difference  (dBsm)  ' ) ; 
xlabel ('Rx  Look  Angle  (deg)'); 
grid  on; 

title ({ ['Object  ', desired_target, ', Dif ference  Plot:  Crispins  Equiv.  Bistatic  RCS 
(JRC)  -  Measured  Bistatic  ( JRC) ' 3 , [ ' W-pol  &  HH-pol,  num2str (desired_j trf ) , ' . 0  GHz,  45 

deg  TX  illumination  angle']}); 

legend  ( '  W-pol ' ,  '  HH-pol ' )  ; 


end 

else 


end 


if  ( [strcmp(test_matrix, ' whole_kell_rcs ' ) ]  I  (strcmp(test_matrix, ' crispin_rcs_matrix' ) ]  ) 
mean  v  =  nanmean  (diff_vector  ( : ,  5) )  %  mean  for  W-pol  data 
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else 


standdev  v  =  nanstd  (dif f_vector  ( : ,  5) )  %  sigma  for  W-pol  data 


mean_v  =  nanmean (diff_vector ( : ,  5) ) 
mean  h  =  nanmean (dif f_vector (:, 8 ) ) 


%  mean  for  W-pol  data 
%  mean  for  HH-pol  data 


standdev_v  =  nanstd  (dif  f_vector  (:,  5) )  %  sigma  for  W-pol  data 
standdev  h  =  nanstd (dif f_vector {:,  8) )  %  sigma  for  HH-pol  data 


end 


%  MATLAB  FUNCTION:  plotmon.m 

%  Usage:  plotmon 

%  Dependencies  variaous  input  variables 

% 

%  Function:  Loads  all  Object  A  or  C  monostatic  RCS  &  phase  (HH  &  W-pol),  RF,  and 

azimuth  .  , 

%  position  angle  data  between  7-15  GHz  and  0-180  deg  azimuth  angle  into 

matrix  "jrcs” 

%  Plots  specified  RCS  data  to  given  figure. 

% 

%  User  inputs: 

%  desired  target:  Object  ID  (A  or  C)  for  which  the  monostatic  RCS  will  be  generated 
% 

%  plot_pol:  polarization  to  plot  (H  =  H-pol,  V  =  V-pol,  B  -  both  pols) 

% 

%  jmon_rf_start:  RF  to  plot  monostatic  data  for 
%  ' 

%  start  angle:  Starting  azimuth  angle  (relative  to  flat  plate  surface  normal  at  0  deg) 
for  plot 
% 

%  end_angle:  Ending  azimuth  angle  for  plot 
% 

%  plot  num:  figure  number  to  which  data  will  be  plotted;  if  none  given,  standard 
'  fig__no'  used 
% 

%  cflagl:  flag  indiating  line  type  for  graph 
% 

%  cflag2:  flag  indiating  line  type  for  second  graph  if  both  pols  are  plotted 


clear  global  final_jrcs 

global  mrcs  jrcs  final_jrcs_mon  fig_no  jmono_rcs_in_buf fer 
desired_target  =  input (' Object :  ' ,  ’s'); 

plot _ pol  =  input ('Plot  which  polarization?  (H,  V,  B=both) :  ' ,  's’); 

jmon_rf_start  =  input (' Specify  RF:  ' ) ; 

start_angle  =  input ( 1  Specify  start  angle  (0-180  deg):  '); 
end_angle  =  input (' Specif y  end  angle  (0-180  deg):  '); 
plot_num  =  input ( ’ Figure  number:  ' ) ; 
cflagl  =  input ('Line  1  color:  ’s'); 

if  (plot_pol  =====  'EM 

cflag2  =  input (’Line  2  color:  's'); 

end 

%  Check  to  see  if  input  is  valid 

if  (plot _ pol  ==  'V'  |  plot_pol  ==  'H'l  plot_pol  ==  'B') 

t 

else 

dispC Please  specify  valid  character  for  polarization  you  wish  to  plot.\nf); 
plot_pol  =  input (’Plot  which  polarization?  (H,  V,  B=both) :  ’); 
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end 


jmon_rfs  =  [7.00000:0.0100000:15.00000]; 
jinon_angles  =  [start_angle:  1 . 0 : end_angle]  ; 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  h&v-pol 
data  if  necessary 

valid_id  =0; 
while  (valid_id  ~=  1) 

if  (desired_target  ==  'A*  I  desired_target  ==  ’C’) 

if  ( [size  (jrcs, 1)  ~=  0]  &  [ jmono_rcs_in_buf fer  ==  desired_target] ) 
break; 

elseif  (desired_target  ==  ’A') 

disp( 'Loading  Object  A  monostatic  data  (JRC) 
jrcs  =  loadj_a; 

disp( ’Finished  loading  Object  A  data...’); 
jmono_rcs_in_buffer  =  desired_target; 
valid_id  =  1; 

elseif  (desired_target  --  ’C’) 

disp ( ’Loading  Object  C  monostatic  data  (JRC)...’); 
jrcs  =  loadj_c; 

disp (’ Finished  loading  Object  C  data...’); 
jmono__rcs_in_buffer  =  desired_target; 
valid_id  =  1; 

end 

else 

disp {’Please  specify  valid  Object  ID:  A  or  C.\n’); 
desired_target  -  input {’ Object :  ’,  ’s’); 

end 

end 


mesgl  =  ’Finding  JRC  measured  monostatic  RCS  at  ’; 
mesg2  =  ’  GHz. . . ’; 

mesg  =  cat (2,mesgl, num2str ( jmon_rf_start) ,mesg2) ; 
disp(mesg); 


%  Load  appropriate  data  from  jrcs  into  individual  vectors 

jrfs  =  jrcs  { : , 1) ; 
j_angles  =  jrcs(:#2); 
vpolrcs  =  jrcs(:,5); 
hpolrcs  =  jrcs(:,3); 


%  Find  final  res  matrix 

[y,  jrf_mono_startindex__vectorl]  =  min(abs  ( jmon_rfs-jmon_rf_start)  )  ; 
jrf_mono_startindex_vector  -  801*start_angle  +  jrf_mono_startindex_yectorl; 

index_d  -  size ( jmon_angles, 2) ; 
counter  =0; 

final_jrcs  =  zeros (index_d, 4) ; 
for  d  =  0:index_d-l 

jrcs_matrix(d+l, 1)  =  jrcs ( jrf_mono_startindex_vector+801*d,  1) ; 
jrcs_matrix (d+1, 2)  =  jrcs(jrf_mono_startindex_vector+801*d,2); 
jrcs_matrix  (d+1, 3)  -  jrcs ( j rf_mono_startindex_vector+801*d,  3) ;  %  HH-pol  RCS 

jrcs_matrix (d+1, 4 )  -  jrcs ( jrf_mono_startindex_vector+801*d, 5) ;  %  W-pol  RCS 

end 

[y, jmon_start_angle_index]  =  min (abs ( jrcs_matrix ( : , 2) -start_angle) ) ; 

[y, jmon_end_angle_index]  =  min (abs { jrcs_matrix { : , 2) -end_angle) ) ; 

final_jrcs { : , 4)  =  jrcs__matrix  ( jmon_start_angle_index:  jmon_end_angle_index, 1) ; 

final~jrcs { : ,  3)  =  jrcsjmatrix ( jmon_start_angle_index: jmon_end_angle_index, 2) ; 

final  jrcs(:,l)  =  jrcs_matrix  ( jmon_start_angle_jLndex:  jmon_end_angle__index,  3)  ;  %  HH=pol 

RCS  ” 
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final_jrcs ( : , 2)  =  jrcs_matrix ( jmon_start_angle_index : jmon_end_angle_index, 4 } ;  %  W-pol 

RCS 


%  Plot  generation 

if  {any (plot_num) ) 
figure  {plot_num) 
else 

figure  (fig_no) 
fig_no=fig_no+l; 

end 

switch  plot_pol 
case  'V' 

plot  ( jmon_angles/  final_jrcs  { : ,  2) ,  cflagl); 
hold  on; 

ylabel { *  RCS  (dBsm)'); 

xlabel { 'Azimuth  Look  Angle  (deg) ’ ) ; 

grid  on; 

title( {[ 'Object  ' , desired_target, ' :  Measured  Monostatic  Pattern  Cut:  JRC  Data,V- 
Pol,  ',  num2str ( jmon_rf_start) , '  GHz']}); 
case  ' H* 

plot (jmon_angles, final_j res (:, 1) ,  cflagl); 
hold  on; 

ylabel (' RCS  (dBsm)'); 

xlabel ( 'Azimuth  Look  Angle  (deg) ' ) ; 

grid  on; 

title ( {[ 'Object  ' , desired_target, ' :  Measured  Monostatic  Pattern  Cut:  JRC  Data,H- 
Pol,  ' ,  num2str  { jmon_rf_start) ,  '  GHz’]}); 
case  *  B ' 

plot { jmon_angles, final_jrcs ( : , 2) ,  cflagl) ; 
hold  on; 

plot ( jmon_angles, final_jrcs { : , 1) ,  cf lag2) ; 
ylabel {'RCS  (dBsm) ' ) ; 
xlabel { 'Azimuth  Look  Angle  (deg) ' ) ; 
grid  on; 

title ({[' Object  ’ , desired_target, ' :  Measured  Monostatic  Pattern  Cut:  JRC  Data,V 
&  H-Pol r  num2str ( jmon_rf_start) , '  GHz']}); 
legend  ( '  W-pol ' ,  '  HH-pol ' ) ; 

end 

fig_no  =  fig_no+l; 


%  MATLAB  FUNCTION:  jplott.m 

%  Usage:  jplott 

%  Dependencies  loadtbj_X.ru,  variaous  input  variables 

% 

%  Function:  Loads  all  Object  A,  B,  C,or  D  true  bistatic  RCS,  RF,  and  receiver 
%  position  angle  data  between  7-15  GHz, 

%  '  -94  to  +86  receiver  position  angle  (deg)  for  Objects  A  &  B 

%  -20  to  +41  &  +49  to  +200  receiver  position  angle  (deg)  for 

%  Objects  C  &  D. 

%  This  data  is  computed  from  measured  I  &  Q  data  collected  by 

%  the  JRC  in  March  1999. 

% 

%  User  inputs: 

%  desired_target:  Object  ID  (A, B, C,  or  D)  for  which  the  true  bistatic  RCS 
%  will  be  generated 

% 

%  desired_jtrf :  Desired  RF  (7-15  GHz,  0.01  GHz  increments  are  valid) 

% 

%  plot_pol:  polarization  to  plot  (H  =  HH-pol,  V  =  W-pol,  B  «  both  pols) 

% 

%  start_angle:  Starting  receiver  azimuth  position  angle  for  plot. 

%  This  angle  is  relative  to 
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% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 


the  0  deg  azimuth  positon  which  is  defined  as  either: 

1)  the  outward  pointing  surface  normal  of  the  flat  plate  for 
Objects  A  &  C, 

2)  the  outward  pointing  surface  normal  of  Object  B's 
broadside  such  that  one  maximizes  the  viewed  area  of  the 
inside  of  the  canted  cylinder  opening  if  one  is  looking  at 
the  cylinder  along  this  surface  normal,  or 

3)  the  outward  pointing  surface  normal  of  Object  D's  base 
unit  {short  dimension)  nearest  to  the  short,  solid 
cylinder 


%  *Note:  The  transmitter  illumination  angle  for  Object  A  &  B  is  0  deg,  for 
%  Object  C  &  D  its  45  deg. 

%  *Note:  This  angle  must  lie  between  4  to  +184  deg  for  Objects  A  or  B 
%  *Note:  This  angle  must  lie  between  -20  to  +41  or  +49  to  +200  deg  for 


%  Objects  C  or  D 


%  end_angle:  Ending  receiver  azimuth  position  angle  for  plot. 

% 

%  plot  num:  figure  number  to  which  data  will  be  plotted;  if  none  given, 

%  standard  ’fig_no'  used 

% 

%  cflagl:  flag  indiating  line  type  for  graph 
% 

%  cflag2 :  flag  indiating  line  type  for  second  graph  if  both  pols  are  plotted 
% 

% 

%  The  loadtbj_X.m  files  depend  on  the  JRC  data  formatted  into  a  set  of  files 
%  with  another  set  of  matlab  scripts.  A  brief  description  is  provided  below: 
% 

%  JRC  formatted  data  file  (this  file  produced  by  executing  the 
%  "fixed. m"  file  on  one  of  the  ” j tbX_negllOtoposllO_hv. txt" 

%  files  where  "X"  is  c  or  d) .  Both  HH  & 

%  w-pol  RCS  &  phase  data  are  contained  in  this  file. 

%  See  the  "fixed. m”  file  for  a  complete  column  description 
%  of  the  information  contained  therin.  This  file  is  loaded  by 
%  the  "loadtbj_X.m"  script  ("X”  is  a,b,c,d)  if  needed. 

%  "loadtbj_X.m"  script  also  contains  information  on  the 
%  contents  of  the  formatted  JRC  data  file 


% 

%  ****  VERY  IMPORTANT: 

%  *★** 

%  **** 

%  **** 

«£**** 

%  *  *  ** 

%  **** 

%  **** 

%  **** 

%  **** 

%  ★*** 

%  **** 

^  *  *  *  ★ 


For  the  purposes  of  this  thesis  the  polarization  **** 
orientation  is  reversed  within  this  script  file  **** 
(i.e.  W-pol  referenced  in  the  ”loadtbj_X.m"  files  ** 
becomes  HH-pol  &  vice  versa).  This  is  done  to  **** 
standardize  the  target  measurement  plane  to  the  **** 
x-y  plane  for  both  monostatic  and  bistatic  analysis  * 
Monostatic  measurements  were  done  in  the  x-y  plane,  * 
but  bistatic  measurements  were  accomplished  in  **** 
the  vertical  (x-z)  plane.  **** 
Essentially  this  new  polarization  orientation  **** 
makes  the  E-field  parallel  (W-pol)  to  the  **** 
long  edge  of  Object  A,  and  the  cylinders'  long  **** 
axis  for  Objects  B,  C  &  D.  **** 


clear  final_jtrcs 

global  jtres  fig_no  final_jtrcs  j trcs_in_buf fer 


%  The  following  variables  are  defined  above 
des i red_target  =  input (' Object :  ’s'); 

plot _ pol  =  input (’Plot  which  polarization?  (H,  V,  B=bothj :  ’s'); 

desired_jtrf  =  input (' Specify  RF:  '); 

disp ( ’ ***  Valid  receiver  positon  angles  are:  ***’); 
disp ( 1  Object  A  &  B:  4  to  184  (deg)'); 
disp  ( '  Object  C  &  D:  -20  to  +41,  +49  to  +200  (deg)’); 
start_angle  =  input (' Starting  RX  position  angle:  ’); 
end_angle  =  input (' Ending  RX  position  angle:  ’); 
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plot_num  =  input (' Figure  number:  ’)/ 
cflagl  «  input (* Line  1  color:  ’s'); 

if(plot_pol  ==  '  B ' ) 

cflag2  =  input (* Line  2  color:  ' ,  's'); 
end 

%  Validate  input  variables: 

% 

%  Check  to  see  if  desired  target  type  is  valid 
ok  =  0; 

while (ok  ~=  1) 

if  (desired_target  ==  'A'  I  desired_target  ==  * B f 1  desired_target  ==  'C'  I 
desired_target  ==  ' D  * ) 
ok  =  1; 
else 

dispC Please  specify  valid  Object  lD.\n'); 

desired_target  -  input {* Plot  data  for  which  target?  (A,  B,  C,  D) :  ’ , ' s ' ) ; 

end 

end 

%  Check  to  see  if  polarization  input  is  valid 
ok  =  0; 

while (ok  ~=  1) 

if  (plot_pol  ==  'V'  I  plot_pol  ==  '  H '  |  plotjpol  ==  '  B  ’ ) 
ok  -  1; 

else 

dispC  Please  specify  valid  character  for  polarization  you  wish  to  plot.\n'); 
plot_pol  -  input (’Plot  which  polarization?  (H,  V,  B=both) :  ’,’s’); 

end 

end 

%  Check  to  see  if  RF  input  is  valid 
ok  =  0; 

while (ok  ~=  1) 

if  (desired_jtrf  >=7.0  |  desired_jtrf  <=  15.0) 
ok  =  1; 

else 

dispC  Please  specify  valid  RF.\n’); 

desired_jtrf  =  input ('Plot  which  RF?  (7.0  -  15.0  GHz): 

end 

end 

%  Check  to  see  if  receiver  position  angles  are  valid 

if  (desired_target  ==  ,AI  |  desired_target  ==  ' B ? ) 
ok  =  0; 

while (ok  ~=  1) 

if  (start_angle  >=  4.0  &  end_angle  <=  184.0) 
ok  =  1; 

else 

dispC Please  specify  valid  begining/ending  receiver  position  angle.’); 
start_angle  =  inputCStart  angle?  (+4  to  +184  deg):  '); 
end_angle  =  input ('End  angle?  (+4  to  +184  deg):  '); 

end 

end 

else 

ok  =  0; 

while (ok  ~=  1 ) 

if  ( [start_angle  >=  -20  &  start_angle  <=  41.0]  |  [start_angle  >=  49.0  &  start_angle 

<=  200.0] ) 

ok  =  1; 

else 

dispC Please  specify  valid  begining  receiver  position  angle.’); 
start_angle  =  inputCStart  angle?  (-20  to  +41,  +4  9  to  200):  *); 

end 

end 

ok  =  0; 

while (ok  ~=  1) 
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if  ( [end__angle  >=  -20.0  &  end_angle  <=  41.0]  |  [end_angle  >=  49.0  &  end_angle  <= 

200.0]  ) 

ok  =  1; 

else 

disp ('Please  specify  valid  begining  receiver  position  angle.'); 
end_angle  ~  input ('Start  angle?  (-20  to  +41,  +49  to  200):  '); 

end 

end 

end 


if  (desired_target  ==  'A'  |  desired_target  ==  ’B') 

chosen_jt_angles  =  [start_angle:1.0:end__angle]; 
final_jt_angles  =  [start_angle : 1 . 0 : end_angle] ; 
else 

if  (start_angle  <=  41.0  &  end_angle  >=  49.0) 

chosen_jt_anglesl  =  [start_angle : 1 . 0 : 41 . 0] / 
chosen_jt_angles2  =  [49.0:1.0:end_angle]; 

chosenj t_angles  =  cat (2,chosen_jt_anglesl,chosen_jt_angles2) ; 
final_jt_angles  =  [start_angle: 1 . 0 : end_angle] ; 

else 

cho  s  en_  j  t_ang  1  e  s  1  «  []; 

chosen_j t_angles  =  [start_angle : 1 . 0 : end_angle] ; 
final_jt_angles  =  [start_angle: 1. 0:end_angle] ; 

end 

end 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  h&v-pol 
data  if  necessary 

if  ( [size ( jtrcs, 1)  0]  &  [strcmp ( jtrcs_in_buf fer, desired_target) ] ) 

; 

elseif  (desiredjtarget  ==  'A') 

disp ( 'Loading  Object  A  bistatic  data  (JRC)...'); 
jtrcs  =  loadtbj_a; 

disp ( 'Finished  loading  Object  A  data...'); 
jtrcs_in_buf fer  =  desired_target ; 
elseif  (desiredjtarget  ==  'B') 

disp (' Loading  Object  B  bistatic  data  (JRC)...'); 
jtrcs  -  loadtbj__b; 

disp (' Finished  loading  Object  B  data...’); 
jtrcs_in_buffer  =  desiredjtarget; 
elseif  (desired_target  -=  'C') 

disp ( 'Loading  Object  C  bistatic  data  (JRC)...'); 
jtrcs  -  loadtbj_c; 

disp (' Finished  loading  Object  C  data...'); 
jtrcs_in_buffer  =  desired_target; 
elseif  (desired_target  ==  'D') 

disp ( 'Loading  Object  D  bistatic  data  (JRC)...'); 
jtrcs  -  loadtbj_d; 

disp (' Finished  loading  Object  D  data...'); 
jtrcSjin_buffer  =  desired_target; 

end 

mesgl  =  ' Finding  JRC  measured  bistatic  RCS  at  ' ; 
mesg2  =  '  GHz . . . ' ; 

mesg  =  cat (2, mesgl, num2str (desiredjjtrf ) ,mesg2) ; 
disp(mesg); 

%  Find  final  jtrcs  matrix 

%  Because  data  has  been  collected  for  different  receiver  positon  angles  for 
%  each  test  object,  the  data  loaded  in  the  previous  step  must  be  manipulated 
%  differently  for  each  object 

%  Objects  A  &  B 

if  (desired_target  ==  'A'  |  desired_target  ==  'B') 

e  =  1; 
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index_d  =  size (chosen_jt_angles, 2) ; 
index_e  =  size (jtrcs, 1) ; 
counter  =  0; 

temp_j trcs  =  zeros (index_d-l,  4) ; 
for  d  =  1: indexed 
counter  =0; 
while (counter  ~=  1) 

if  ([abs (jtrcs (e,  1) -desiredjtrf }  <=0.00001]  &  [abs (jtrcs (e, 2) - 
chosen_jt_angles (1, index_d+l-d) )  <=  0.00001]) 

temp_ jtrcs (index_d+l-d, 1)  =  jtrcs (e, 1) ; 
temp  Jtrcs  (index_d+l-d,  2 )  =  jtrcs (e, 2); 
tempj trcs (index_d+l-d,  3)  =  jtrcs (e, 3); 
temp  Jtrcs  (index_d+l-d,  4)  =  jtrcs  (e,  5); 

%tempjtrcs  (index_d+l-d,  5)  =  d; 

%tempj  trcs  (index_d+l-d,  6)  =  e; 
counter  =1; 
e  =  e+1; 

else 

e  -  e+1; 

end 

end 

end 

elseif  (desiredjarget  ==  'C'  t  desired Jarget  ==  '  D') 
e  =  1; 

index_d  =  size (chosenj t_angles,  2) ; 
index_e  =  size (jtrcs, 1) ; 
counter  =0; 

tempjtrcs  =  zeros (index_d-l,  4) ; 
for  d  =  1 : index_d 
counter  =0; 
while (counter  ~=  1) 

if  ( [abs  (jtrcs  (e,  1) -desiredjtrf)  <=  0.00001]  &  [abs(jtrcs(e,2)- 
chosenJt__angles  (1, d) )  <=  0.00001]) 

tempjtrcs  (d,  1)  =  jtrcs  (e,l) 
tempjtrcs  (d,  2)  =  jtrcs  (e,  2) 
tempjtrcs  (d,  3)  =  jtrcs  (e,  3) 
tempjtrcs  (d,  4)  =  jtrcs  (e,  5) 

%  tempj  trcs  (d,  5)  =  d; 

%  tempj  trcs  (d,  6)  =  e; 
counter  =1; 
e  =  e+1; 

else 

e  =  e+1; 

end 

end 

end 

end 


%  Expand  tempjtrcs  matrix  to  include  +41  to  +49  deg  RX  look  angles  if  necessary 
%  This  will  be  used  to  help  highlight  this  "dead"  zone  when  plotted. 

if  ( desired Jarget  ==  'A'  |  desired_target  ==  'B*  |  [desired_target  ==  ‘C1  & 
isempty (chosenj t_anglesl) ]  |  [desired_target  ==  ’D’  &  isempty (chosenj t_anglesl )] ) 

final  Jtrcs  =  tempjtrcs; 
else 

if  (size  (final Jt_angles,  2)  ~=  0) 

[y,anglel]  =  min  (abs  (final  Jt_angles  -  41)); 

[y,angle2]  =  min  (abs  (final  Jt_angles  -  49)); 
final  Jtrcs  =  repmat  (NaN,  size  (final  Jt__angles,  2) ,  4 )  ; 
f inal J  trcs ( 1 : size ( chosenj  t_anglesl , 2 ) , : )  = 
tempjtrcs  (lisize  (chosenj  t_anglesl,  2)  ,  ; ) ; 


%  RF  value 

%  RX  azimuth  look  angle  (deg) 

%  W-pol  RCS 
%  HH-pol  RCS 
%  counter 

%  jtrcs  row  position  indicator 


%  RF  value 

%  RX  azimuth  look  angle  (deg) 

%  W-pol  RCS 
%  HH-pol  RCS 
%  counter 

%  jtrcs  row  position  indicator 


170 


final_jtrcs (angle2 : size (final _jtrcs,  1) ,  : )  = 
temp_jtrcs (anglel+1 : size (temp_jtrcs, 1) 

final_jtrcs { : ,  2)  =  f inal_jt_angles ’ ; 

else 

final  Jtrcs  =  temp_jtrcs; 

end 

end 


%  Plot  generation 

if  (any (plot_num)  ) 
figure  (plot_num) 
else 

figure  (fig_jio) 
f ig_no=f ig_no+l ; 

end 

switch  plot_pol 
case  'V' 

plot (final_jtrcs ( : ,2) , final_jtrcs ( :  ,3) ,  cflagl) ; 
hold  on; 

ylabel ( ' RCS  (dBsm) 1 ) ; 
xlabeK'Rx  Look  Angle  (deg)'); 
grid  on; 

if  (desired_target  ==  ’A’  |  desired_target  ==  ' B ’ ) 

title ( {[ 'Object  ' , desired_target, ' :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data,  W-Pol,  ',  num2str (desired_jtrf ) , 1  GHz’],[’0  deg  TX  illumination  angle’]}); 
else 

title ({ [’Object  ' , desired_target, * :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data, W-Pol,  num2str (desired_jtrf ) , ’  GHz’], [’45  deg  TX  illumination  angle']}); 
end 

case  ’H’ 

plot  (finaljtrcs  ( : ,  2) ,  finaljtrcs  ( : ,  4) ,  cflagl); 
hold  on; 

ylabel (’RCS  (dBsm) ' ) ; 
xlabeK’Rx  Look  Angle  (deg)’); 
grid  on; 

if  (desired_target  ==  'A'  |  desired__target  ==  'B') 

title({ ['Object  ' , desired_target, ' :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data, HH-Pol,  ',  num2str (desired_jtrf) , ’  GHz’],['0  deg  TX  illumination  angle']}); 
else 

title ({[ 'Object  ' , desired_target, ' :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data, HH-Pol,  ',  num2str (desired_j trf ) , '  GHz’], ['45  deg  TX  illumination  angle’]}); 
end 

case  ’B' 

plot (final_jtrcs ( : , 2) , final_jtrcs ( : ,  3) ,  cflagl) ; 
hold  on; 

plot  (final_jtrcs  ( : ,  2) ,  finaljtrcs  ( : ,  4) ,  cflag2) 

ylabel ('RCS  (dBsm) ’ ) ; 

xlabel ( ' Rx  Look  Angle  (deg)'); 

grid  on; 

if  (desired_target  ==  'A'  l  desired_target  ==  'B') 

title ({[ 'Object  ' , desired_target, ' :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data, W  &  HH-Pol,  ',  num2str (desired_j trf ) , '  GHz'],[’0  deg  TX  illumination  angle']}); 
else 

title ({[ 'Object  ' , desired_target, ' :  Measured  True  Bistatic  Pattern  Cut:  JRC 
Data, W  &  HH-Pol,  ’,  num2str (desired_j trf ) , ’  GHz'], ['45  deg  TX  illumination  angle']}); 
end 

legend  ( ’  W-pol ' ,  ’  HH-pol ' )  ; 

end 

% keyboard; 
fig_no  -  fig_no+l; 
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%  MATLAB  SCRIPT:  kell.m 

%  Usage:  kell 

%  Dependencies:  variaous  input  variables  and  data  files:  load_c.m,  load_d.ni,  or 

load_e.m 

% 

%  Function:  Extracts  MRC  generated  monostatic  data  from  global  matrix  "mrcs"  and 
converts  it  to 

%  bistatic  data  at  the  given  RF  using  Kell's  equivalence  theorem  ("mrcs" 

matrix  must  be 

%  loaded  first  by  having  load_c.m,  load_d.m,  or  load_e.m  scripts  available) 

%  The  data  is  plotted  to  the  specified  figure  number. 

% 

%  This  m-file  is  for  use  only  with  MRC  collected  data  (to  plot  JRC  generated 

monostatic  data  use 

%  the  "kell j .m"  m-file;  MRC  &  JRC  data  are  stored  in  different  formats  and 

thus  require  the 

%  use  of  two  different  m-files  for  data  manipulation. 

% 

%  User  inputs: 

%  desired_target :  Object  ID  (C,D  or  E)  for  which  Kell's  RCS  will  be  generated 
% 

%  desired_bistatic_rf :  RF  at  which  an  equivalent  bistatic  RCS  plot  will  be  generated 
from 

%  monostatic  data.  Valid  RF  ranges  are 

6.0023<=desired_bistatic_rf<=17 . 9923. 

%  with  0.01  increments;  always  include  0.0023:  Ex:  6.0123  or 

9.1123. 

% 

%  tx  illum_angle:  Transmitter  illumination  angle  (azimuth)  relative  to  flat  plate 
surface  normal  (0  deg) 

% 

%  end_angle:  RX  ending  azimuth  position  angle 
% 

%  plot  num:  figure  number  to  which  data  will  be  plotted;  if  none  given,  standard 
'fig_no'  used 
% 

%  cflag:  flag  indiating  line  type  for  plot 
% 

%  The  Kell's  equivalent  bistatic  RCS  being  computed  is  relative  to  the 
%  0  deg  azimuth  look  angle  (i.e.  for  Object  C,  the  flat  plate's  surface 
%  normal  points  outward  at  0  deg  azimuth)  and  the  transmitter  illumination 
%  angle.  In  other  words,  the  bistatic  RCS  computed  here,  is  analagous  to 
%  a  measured  bistatic  RCS  if  the  receiver  were  moved  in  azimuth  from 
%  0  through  "end_angle"  degrees  while  leaving  the  transmiter's  position 

%  fixed  at  the  given  illumination  angle. 

% 

% 

%  Throughout  this  script  references  to  RF  and  angle  positions  are  quite  common.  The 
%  "positions"  are  correlated  to  the  positions  of  corresponding  RCS  amplitudes  stored  in 
%  the  MRC  data  matrix,  "mrcs". 


clear  global  whole_kell_rcs 

clear  whole*  bistatic*  round*  diff*  true*  temp*  shifted* 

clear  angle_vector  rf_index_vector 

global  mrcs  fig_no  whole_kell_rcs  mrcs_in_buf fer 


desired_target  =  input (' Object :  ’s'); 

desired_bistatic_rf  =  input (' Bistatic  RF:  '); 
tx_illum_angle  =  input (*TX  illumunation  angle:  '); 
end_angle  =  input (' Ending  RX  position  angle:  '); 
plot_num  =  input ( ' Figure  number:  ' ) ; 
cflag  =  input ('Line  color:  ',  's'); 

mon_rfs  =  [6.0123:0.01000000000000:18.0023]; 
mon_angles  =  [0 : 0 . 5 : end_angle] ; 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  if 
necessary 
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valid_id  =0; 
while  (valid_id  1) 

if  (desired_target  ==  '  C'  |  desired_target  ==  '  D '  1  desired_target  ==  'E') 
if  ( [size  (mrcs, 1)  ~=  0]  &  [mrcs_in_buf fer  ==  desired_target] ) 
break; 

elseif  (desired_target  ==  '  C ' ) 

disp ( 'Loading  Object  C  monostatic  data  (MRC) ...'); 
mrcs  =  load_c; 

disp (' Finished  loading  Object  C  data...'); 
mrcs_in_buffer  -  desired_target ; 
valid_id  =1; 

elseif  (desired_target  ==  'D') 

disp ( 'Loading  Object  D  monostatic  data  (MRC) ...'); 
mrcs  =  load_d; 

disp (’ Finished  loading  Object  D  data...'); 
mrcs_in_buffer  =  desired_target; 
valid__id  =1; 

elseif  (desired_target  ==  'EM 

disp (' Loading  Object  E  monostatic  data  (MRC)...'); 
mrcs  -  load_e; 

disp ( 'Finished  loading  Object  E  data...'); 
mrcs_jLn_buffer  =  desired_target; 
valid_id  -  1; 

end 

else 

sprintf (' %s Please  specify  valid  Object  ID:  C,  D,  or  E.  ') 
desired_target  =  input (' Object :  's'); 

end 

end 


disp ( 'Computing  Kells  equiv.  bistatic  RCS  from  MRC  data...'); 

%  Develop  "true"  bistatic  angle  vector  dependent  on  1)  desired  eqivalent  bistatic  RF 
%  and  2)  available  monostatic  RFs  for  bistatic  angles  >=  the  TX  illumination  angle. 

all_bistatic_angles  =  2* 180/pi . *acos (desired_bistatic__rf . /mon_rfs) ; 


%  Limit  bistatic  angle  vector  elements  to  those  less  than  given  "end_angle" 

%  relative  to  the  TX  illumin.  angle 

index_a  =  size (all_bistatic_angles , 2) ; 

P  “  1/ 

for  a  **  l:index_a 

if  (fliplr (all_bistatic_angles ( : , a) )  <=  end_angle  & 
isreal (fliplr (all_bistatic_angles ( : ,  a) ) ) ) 

bistatic_anglel ( :  ,p)  =  all_bistatic_angles ( : , a) ; 
p  =  p+1; 
else 
} 

end 

end 

bistatic_anglel  -  nonzeros  (bistatic_anglel)  ; 
if  (bistatic_anglel (1, 1)  <=  0.001) 
bistatic_anglel (1, 1)  =  0; 

bistatic_anglel  =  nonzeros (bistatic_anglel ) ; 

end 

size_bi_angles  «  size (bistatic_anglel,  1 )  ; 
bistatic_angle  -  zeros (1, size_bi_angles+l) ' ; 
bistatic_angle (2: size_bi_angles+l, 1)  =  bistatic_anglel ( : , 1) ; 
bistatic_angle  =  bistatic_angle ' ; 

%  Compute  "true"  monostatic  angles  corresponding  to  the  "true"  bistatic  angles 
comput ed_mono_angl e  =  bistatic_angle. /2; 
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%  Develop  vector  containing  monostatic  angles  rounded  to  the  nearest  0.5  degree: 

%  this  is  the  "approximate"  or  "rounded"  monostatic  angle  vector.  This  step  is 
%  necessitated  by  the  fact  that  the  MRC  data  is  compiled  with  an  angular 
%  resolution  of  0.5  degrees.  As  one  might  expect  there  will  be  duplicate 
%  "rounded"  monostatic  angles  upon  completion  of  this  operation 
% 

%  Store  the  difference  between  each  "rounded"  and  "true"  monostatic  angle  value  as  a 
percent 

%  and  as  a  straight  number  within  "dif f_angle3"  and  "true_diff_angles"  vectors 
respectively. 

index_b=size (computed_mono_angle, 2) ; 

diff_anglel  =  computed_mono_angle  -  fix (computed_mono_angle) ; 
dif f_angle2  =  diff_anglel  -  0.5; 

for  b  =  l:index_b 

if  (dif f_angle2 (1, b)  <=  0) 

if  (abs (diff_angle2 (1, b) )  >=  0.25) 

rounded_mono_angle (l,b)  =  computed_mono_angle ( 1, b)  -  dif f_anglel (l,b) ; 
diff_angle3 { 1 , b)  -  abs ( (computed_mono_angle (l,b)  - 
rounded_mono_angle ( 1 ,  b) ) . /computed_mono_angle (l,b)  ) ; 

true_dif f_angles (l,b)  =  (computed_mono_angle (l,b)  -  rounded_mono_angle (1, b) ) ; 
else 

rounded_mono_angle (l,b)  =  computedjnono_angle  (l,b)  -  dif f_anglel (l,b)  +  0.5; 
diff_angle3 (l,b)  =  abs { (computed_mono_angle (1, b)  - 
rounded__mono_angle  { 1 ,  b)  )  . /computed_mono_angle  (l,b) )  ; 

true  dif f_angles (l,b)  =  (computed_mono_angle (1, b)  -  rounded_mono_angle (l,b) ) ; 
end 
else 

if  (dif f_angle2 (l,b)  >-  0.25) 

rounded_mono_angle  ( 1, b)  =  computed_mono_angle (l,b)  -  diff_anglel  (1,  b)  +  1.0; 
diff_angle3 (l,b)  =  abs ( <computed_mono_angle (1, b)  - 
r ounded_mono_angl e  { 1 ,  b ) ) . /computed_mono_angle (1, b) ) ; 

true_diff_angles (l,b)  =  (computedjmono_angle(l,b)  -  rounded_mono_angle (l,b) ) ; 
else 

rounded_mono_angle (1, b)  =  compute d_mono_angle (l,b)  -  dif f_anglel (1, b)  +  0.5; 
diff_angle3 (l,b)  =  abs ( (computed_mono_angle (1, b)  - 
rounded_mono_angle ( 1 , b) ) . /computed_mono_angle (l,b)); 

true_diff_angles(l,b)  =  (computed_mono_angle ( 1, b)  -  rounded_mono_angle ( 1, b) ) ; 
end 

end 

end 


%  This  section  will  establish  a  truly  sequential  rounded  monostatic  angle  (and  RF  index 
vector)  by  eliminating 

%  duplicate  monostatic  angles  (keep  only  the  angles  with  the  least  deviation  from  the 
true  monostatic  angle  and 

%  these  will  have  a  corresponding  RF  position  index  to  be  stored  in  "rf_index_vector") . 


n  =  index  b;  %  position  indicator  for  the  final  rf,  bistatic 

bisector  angle,  and  res  vectors 

m  =  1;  %  position  indicator  for  the 

"rounded_mono_angle"  and  "true_diff_angles"  vectors 
rf_index_vector  =  zeros (1, index_b) ;  %  intialize  final  rf  vector 

angle_vector  =  zeros (1, index_b) ;  %  intialize  final  bistatic  bisector  angle  vector 


while (m  index_b+l) 

temp_vectorl  =  zeros (1,15); 
later  in 

temp_vector2  -  zeros (1,15); 
correpsonding 

temp_vector3  =  zeros (1,15); 
" r ounded_mono_angl e " 
temp_vector4  =  zeros (1,15); 


%  initialize  "temp_vectorX" ' s;  these  vector  will  be  used 
%  a  while  loop  to  store  rf  position,  angle,  and 
%  "true_dif f_angles"  values  for  consecutively  identical 
%  values 
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switch  m 


%  Details:  In  this  section  the  program  will  evaluate  the  last  value  in  the 
"rounded_mono_angle"  vector 

%  The  evaluation  process  is  similar  to  that  outlined  in  the  "Details”  section  below  and 
will  eventually 

%  determine  which  of  the  RF  and  RCS  values  will  become  part  of  the  final  Kell’s 
equivalent  bistatic 

%  RCS  matrix  for  positive  bistatic  angles  ( "temp_kell_rcs")  : 
case  {index_b} 

if  ( rounded_mono_angle ( 1 , m)  ==  rounded_mono_angle ( 1 ,  m-1 ) ) 

if  (abs(true_diff_angles(l,m))  <=  abs (true_dif f_angles (l,m-l) ) ) 
angle_vector (l,n+l)  -  rounded_mono_angle (l,m) ; 
rf_index_vector (l,n+l)  =  m; 

dif f_angle_vector ( 1, n+1 )  =  true_diff_angles (l,m) ; 
break; 

else 

break; 

end 

else 

angle_vector (l,n)  =  rounded_mono_angle  (l,m)  ; 
rf_index_vector  (1,'n)  =m; 

dif f_angle_vector (1, n)  =  true_dif f_angles (l,m) ; 

%n  =  n-1; 
break; 

end 

otherwise, 

%  Details:  In  this  section,  all  sequentially  identical  "rounded_mono_angle"  values  and 
corresponding 

%  data  are  captured  into  separate  vectors  for  evaluation. 

% 

%  The  captured  data  includes  variable  values:  "m",  "true_dif f_angle", 

"rounded__mono_angle",  and 

%  "true_diff_angle"  which  all  correspond  to  a  particular  "rounded_mono_angle"  value 
cataloged  by 

%  the  "m”  position  indicator.  All  values  will  be  stored  in  "temp_vectorX"  vectors  which 
are  intialized  to 

%  15x1  "zeros”  vectors  but  will  eventually  be  culled  down  to  vectors  containing  only 

positive 

%  values  ("temp_vectorX_mod"  vectors,  temp_matrix) . 

% 

%  The  evaluation  process  is  as  follows  and  will  evetually  determine  which  of  the  rf  and 
res  values  will  become  ^ 

%  part  of  the  final  Kell's  equivalent  bistatic  RCS  matrix  ro  positive  bistatic  angles 
("temp_kell_rcs") : 

% 

%  Choice  of  the  minimum  "true_dif f_angle"  data  value  corresponding  to  angles  stored  in 
%  "rounded__mono_angle"  vector  among  a  group  of  duplicate  "rounded"  monostatic  angles 
will 

%  determine  which  "roundedjnono_angle"  (as  identified  by  position  "m")  corresponds 
%  to  the  closest  match  between  the  "true"  monostatic  angle  and  the  "rounded"  monostatic 
angle. 

%  When  this  minimum  is  determined  the  "m"  position  value  will  become  the  position  index 
for  the 

%  corresponding  RF  (stored  in  "rfJLndex_vector")  ,  the  "rounded_mono__angle"  value  will 
become  the  bisector  of  the 

%  final  bistatic  angle  ( "angle_vector") ,  and  the  "true_dif f_angle"  value  will  be  stored 
in  a  new  "diff_angle_vector" 

%  which  could  be  used  to  produce  statistical  correlation  of  the  true  and  rounded 
monostatic  angle  values  later. 

if  (rounded__mono_angle  (l,m)  ==  rounded_mono_angle  (l,m+l) )  %  check  to  see 

if  begining  a  section  of  identical  "rounded_mono_angle" 

first_one  =  rounded_mono_angle (l,m) ;  %  values;  if 

so  do  the  following: 

p  =  1; 
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while (rounded_mono_angle (l,m)  ==  first_one  &  m 
diff_angle3,  rounded_mono_angle,  and  true_dif  f__angle  data 
temp_vectorl (l,p)  =  m; 

"temp_vectorX"  vectors 

temp_vector2 (l,p) 
temp__vector3  ( X , p) 
temp_vector4 (l,p) 
m  =  m+1; 

P  -  p+1; 

end 


index  b) 


diff_angle3 (l,m) ; 
rounded_mono_angle (1/m) ; 
true_dif f_angles (l,m) ; 


%  Write  m, 
%  to 


p  -  i; 

temp_vectorljmod  =  nonzeros (temp_vectorl) ;  %  save  only  nonzero 

values  of  the  "temp_vectorX"  vectors 

temp_vector2_mod  -  nonzeros (temp_vector2) ; 
temp_vector3_mod  =  nonzeros (temp_vector3) ; 
temp_vector4_mod  =  nonzeros (tempjvector4 ) ; 
temp_matrix  = 

[temp_vectorl_mod,  temp_vector3_mod,  temp_vector2_mod,  temp_vector4_mod] ; 


(temp_dif f , temp_index]  =  min (abs (temp_matrix ( : , 4 ) ) ) ; 
"true_diff_angles"  value 

angle_vector (l,n)  =  temp_matrix (temp_index, 2) ; 
information  based  on  above  choice 

rf_index_vector (l,n)  =  temp_matrix (temp_index, 1) ; 
indicator  based  on  above  choice 

diff_angle_vector (I, n)  =  temp_matrix (temp_index, 4 ) ; 
between  chosen  "rounded"  monostatic 
n  =  n-1 ; 

"true"  monostatic  angle  value 


%  choose  minimum 
%  store  angle 
%  store  rf  position 
%  store  difference 
%  angle  value  and 


else 

angle_vector ( 1, n)  =  rounded_mono_angle ( 1, m) ; 
consecutive  values  of  "rounded_mono_angle"  vector 
rf_index_vector (l,n)  =  m; 
identical  (i.e.  you  don't  need  to  determine 

dif f_angle_vector (1, n)  -  true_dif f_angles (l,m) ; 
identical  "rounded_mono_angle"  values 
m  =  m+1; 

just  write  the  "m",  "rounded_mono_angle", 
n  -  n-1; 

difference  values  to  appropriate  vectors, 
end 

end 

end 

angle_vector  -  nonzeros (fliplr (angle_vector) ) ; 
rf_index_vector  =  nonzeros ( fliplr (rf_index_vector) ) ; 
diff_angle_vector  =  nonzeros (fliplr (dif f_angle_vector) ) ; 


%  if 

%  are  NOT 
%  which  among 
%  to  use) , 

%  and 


%  Add  "0"  angle  (equal  to  the  TX  illumination  angle)  back  into  angle_vector  & 
diff_angle_vector 

index_c=size (rf_index_vector, 1) ; 
temp_angle_vector  =  zeros (index_c, 1) ; 
temp_diff_angle_vector  =  zeros(index_c,l); 

temp_angle_vector (2 : index_c, 1)  =  angle_vector (:,1); 
temp_diff_angle_vector (2 : index_c, 1)  =  diff_angle_vector ( : , 1) ; 


shifted_angle_vector_pos  =  temp_angle_vector+tx_illum_angle; 

shifted_angle_vector_neg  -  repmat (tx_illum_angle, size (temp_angle_vector, 1) -1, 1)  - 
angle_vector; 

temp_rf_index_vector  =  rf_index_vector+ (100* (desired_bistatic_rf-mon_rfs (1,1))); 


%  Find  monostatic  angle  position  index  vector 
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index_d  =  size (shifted_angle_vector_pos) ; 
for  d=l : indexed 

[y,  shifted_angle__index_vector  (d,  1)  ]  =  min (abs (mon_angles 
shif  ted__angle_vector_pos  (d, 1) ) ) ; 
end 


%  Produce  temporary  vector  containing  Kells  bistatic  RCS  values  for  the  positive 
%  bistatic  angles 


temp_rcs  -  mrcs (temp_rf_index_vector, shifted_angle_index_vector ) ; 
kell_rcs_temp  =  diag (t empires ) ; 


%  Store  RF,  azimuth  angle  (relative  to  TX  illumination  angle)  and  RCS  data  in  a  single 
matrix 


% 

%  If  one  wanted  to  plot  the  Kell’s  equivalent  RCS  relative  to  the  TX  illumination  angle 
%  (i.e  0  deg  azimuth  corresponding  to  the  TX  illumin.  angle),  then  plot  the  2nd  and 
%  3rd  columns  from  the  "tempjee litres"  matrix.  Otherwise,  continue  computations 
%  to  find  bistatic  RCS  relative  to  the  normal  0  deg  azimuth  angle  (i.e  for  Object  C,  the 
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%  plate's  surface  normal  points  outward  at  0  deg  azimuth).  Column  description  of  data 
stored  in 

%  " t emp_k e 1 l_r  c s "  matrix: 

% 

%  Column:  Data  Description: 

%  l  Monostatic  RFs  corresponding  to  equivalent  bistatic  RF  at  each  azimuth  look 


angle 
%  2 
%  3 
%  4 
%  5 
%  6 


Bistatic  RX  azimuth  look  angles  relative  to  0  deg  azimuth 
Monostatic  azimuth  look  angles  relative  to  TX  illumin.  angle 
RF  position  indicator  relative  to  "mon_rfs"  vector 
Monostatic  azimuth  look  angle  postions  relative  to  "mon_angles" 
RCS  amplitude  corresponding  to  monostatic  RF  and  angle 


indx  =  6; 

temp_ke litres  =  zeros (size ( temp_angle_vector , 1) , indx) ; 

temp_kell_rcs ( : , 1) 
temp_kell_rcs ( : , 2) 
temp_kell_rcs ( : , 3 ) 
temp_kell_rcs { : , 4 ) 
temp_kell_rcs ( : , 5 ) 
temp_kell_rcs ( : , 6) 


=  mon_rfs ( temper f_index_vect or ) ' ; 

=  2*temp_angle_vector+tx_illum_angle; 

-  temp_angle_vector; 

-  temp_rf_index_vector; 

=  shifted_angle_index_vector; 

-  kell_rcs_temp; 


if  (shifted_angle_vector_neg (1,1)  <=0  ) 
whole_kell_rcs  =  temp_kell_rcs; 

else 

%  For  TX  illumination  angles  greater  than  0,  divide  all  relavent  vectors  into 
%  2  sections:  one  for  "positive"  bistatic  angles  (those  larger  than  the 
%  TX  illumination  angle  and  one  for  "negative”  bistatic  angles  (those 
%  leass  than  TX  illumination  angle) . 

% 

%  We’ve  already  computed  all  the  proper  RF's  and  the  angle/RF  position  values 
%  for  the  "positive"  bistatic  angles  (in  fact  we  have  too  many  for 
%  TX  illumin.  angles  >  0).  Now  we  need  similar  data  for  what  will 
%  become  the  negative  bistatic  angles  in  the  Kell’s  equivalent  RCS  vector 
% 

%  Find  the  angles  in  the  shifted_angle_vector_neg  vector  which  can  be  used  as 
%  the  "negative"  bistatic  angles  (these  will  have  corresponding  RF  and  RCS  data  which 
%  can  be  used  as  the  negative  bistatic  angle  RF  and  RCS  values;  these  must 
%  be  >=  0  but  <=  TX  illumin.  angle) . 

% 

%  The  "negative"  angle  positions  are  actually  the  mirrored  positions 
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%  (image  positions)  of  the  "positive”  angle  positions  centered  about  the  TX 
%  illumination  angle.  The  RF  values  associated  with  the  "positive"  angles 
%  must  also  be  "imaged"  to  the  "negative"  angles.  This  relationship  is  captured 
%  below  such  that  the  first  column  of  "temp_kell_rcs2"  matrix  contains  the 
%  "imaged"  RF  values  of  the  "positive"  bistatic  angles. 

% 

%  Based  on  this  RF  and  angle  relationship  one  can  compute  the  necessary  RCS  position 
%  values  within  the  "mrcs"  matrix.  The  actual  angles  are  stored  in  the  first  column 
%  and  the  position  values  are  stored  in  the  second  column  of  "neg_angles"  matrix. 

num_rcs_dat appoints  =  size (kell_rcs_temp, 1) ; 
last_neg_angle  =  tx_illum_angle/2; 

counter  =1; 
flag  =  0; 
while (flag  ==  0) 

if  (shifted_angle_vector_neg (counter,  1)  >=  last_neg_angle) 

neg_angles (1, counter)  =  shifted_angle_vector_neg (counter, 1) ;  %  negative 

bistatic  angle  vector 

[y,  neg_angles (2, counter) ]  =  min (abs (mon_angles  -  neg_angles (1, counter) )) ; 

[y,  neg_angles (3, counter) ]  =  min (abs (shifted_angle_vector_neg  - 
neg_angles ( 1 , counter) )); 

neg__angles  (4,  counter)  =  -angle_vector (counter, 1) ; 
flag  =  0 ; 

counter  =  counter  +1; 
else 

flag  =  1/ 

end 

end 

ueg_angles (3, : )  =  neg_angles (3, : )  +  1; 


%  Image  the  RF's  contained  in  the  "positive"  bistatic  angle  RCS  matrix,  "temp_kell_rcs" 
into  the  "negative"  bistatic  angle 

%  RCS  matrix,  "temp_kell_rcs2",  1st  column.  Second,  3rd,  4th,  5th  col  data  described 
below: 

% 

%  Column:  Data  Description: 

%  l  Monostatic  RFs  corresponding  to  equivalent  bistatic  RF  at  each  azimuth  look 


angle 
%  2 
%  3 
%  4 
%  5 
%  6 


Bistatic  RX  azimuth  look  angles  relative  to  0  deg  azimuth 
Monostatic  azimuth  look  angles  relative  to  TX  illumin.  angle 
RF  position  indicator  relative  to  "mon_rfs"  vector 
Monostatic  azimuth  look  angle  positions  relative  to  "mon_angles" 
W-pol  RCS  amplitude  corresponding  to  monostatic  RF  and  angle 


temp_kell_rcs2  =  zeros (size (neg_angles, 2) , 6) ; 

for  index2  -  1 : size (neg_angles, 2) 

temp_kell_rcs2 (index2, 1)  =  temp_kell_rcs (neg_angles (3,  index2) ,1); 
temp_kell_rcs2 (index2,2)  *  tx_illum_angle  -  2*abs (neg_angles (4 , index2) ) ; 
temp_kell_rcs2 ( index2 , 3 )  =  neg_angles (4 , index2 ) ; 

[y, rcs_position_neg]  =  min (abs (mon_rfs (1, : )  -  temp_kell_rcs2(index2,l))); 
temp_kell_rcs2 (index2, 4)  =  rcs_position_neg; 
temp_kell_rcs2 (index2, 5)  =  neg_angles (2, index2) ; 

temp_kell_rcs2 (index2, 6)  =  mrcs (rcs_position__neg, neg_angles (2, index2) ) ; 

end 

temp_kell_rcs2  =  f lipud (temp_kell_rcs2) ; 

%  Establish  a  whole  Kell's  equivalent  RCS  matrix  encompassing  both  "positive"  and 
"negative"  bistatic 

%  angle  data.  There  will  be  some  rows  of  data  excluded  from  the  "temp_ke ll_rcs"  matrix 
for 

%  TX  illumination  angles  >  0  in  order  to  retain  only  bistatic  angles  <=  "end_angle"  deg. 
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whole__kell_rcsl  =  zeros  (size  (temp_kell_rcs, 1) ,  6) ; 

size_all  =  size (temp_kell_rcs, 1) ; 
size_neg  =  size (temp_kell_rcs2, 1) ; 
size_pos  =  size(temp_kell_rcs,l)  -  size_neg; 

whole_kell_rcsl (l:sizejieg, : )  =  temp_J<ell_rcs2  ( : ,  : ) ; 

whole_kell_rcsl (size_neg+l : size_all, : )  =  temp_kell_rcs (1 : size_pos, :); 

[y, last_bi_angle_positionj  -  min (abs (whole_kell_rcsl ( : ,  2) -end_angle) ) ; 

whole_kell_rcs  -  zeros (last_bi_angle_position, 6) ; 
whole_kell_rcs ( 1 : last_bi_angle_position, : )  = 
whole_kell_rcsl (1 : last_bi_angle_position, : ) ; 

whole_kell_rcs{:,7)  =  sqrt (10 . A (whole_kell_rcs { : , 6) . /20) ) ; 


end 


%  Find  the  mean  &  standard  deviation  between  the  "true”  and  "approximate"  monostatic 
angle  vectors 

%  Note:  these  statistics  are  only  valid  for  0  deg  TX  illumination  angle 

%mean_angles  =  mean (f inal_dif f_angle_vector) 

%standdev_angles  =  std (f inal_dif f_angle_vector) 


%  Plot  generation 

if  {any (plot_num) ) 
figure (plot_num) 
else 

f  igure  (f  ig_no) 
f i g_no= f i g_no+ 1 ; 

end 

plot  (whole_kell_rcs  { :  ,2) , whole_ke litres  ( : ,  6) ,  cflag)  ; 
hold  on; 

ylabel ( ' RCS  (dBsm) ' ) ; 
xlabel(fRx  Look  Angle  (deg)'); 
grid  on; 

titled  [ 'Object  ' , desired_target, ' :  Bistatic  Pattern  Cut;  ' ,  num2str  (tx_illuin_angle) ,  '  deg 
TX  illumination  angle']}); 
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%  MATLAB  SCRIPT:  plotmon.m 

%  Usage:  plotmon 

%  Dependencies  variaous  input  variables  and  data  files:  load_c.m,  load_d.m, 

load_e .m 
% 

%  Function:  Loads  all  MRC  -generated  Object  "X"  monostatic  RCS  {W-pol  only),  RF,  and 
azimuth 

%  position  angle  data  with  given  input  criteria  (RF  must  be  between  6.0023- 

18.0023  GHz 

%  and  AZ  angles  between  0-180  deg)  into  matrix  "mrcs"  (loading  "mrcs" 

matrix  requires 

%  that  load_c.m,  load_d.m,  or  load_e.m  scripts  and  the  data  files  they 

reference  are 
%  available) . 

% 

%  This  m-file  is  for  use  only  with  MRC  collected  data  (to  plot  JRC  generated 

monostatic  data  use 

%  the  " jplotmon.m”  m-file;  MRC  &  JRC  data  are  stored  in  different  formats 

and  thus  require  the 

%  use  of  two  different  m-files  for  data  manipulation. 

% 

%  User  inputs: 

%  desired_target:  Object  ID  (C,  D  or  E)  for  which  the  monostatic  RCS  will  be  generated 
% 

%  m_data_file:  Name  od  data  file  from  whihc  monostatic  data  will  be  extracted 
% 

%  plot_pol:  polarization  to  plot  (H  =  H-pol,  V  =  V-pol,  B  =  both  pols) 

% 

%  chosen_mon_rf :  RF  to  plot  monostatic  data  for 
% 

%  start_angle:  Starting  azimuth  angle  (relative  to  flat  plate  surface  normal  at  0  deg) 
for  plot 
% 

%  end_angle:  Ending  azimuth  angle  for  plot 
% 

%  plot_num:  figure  number  to  which  data  will  be  plotted;  if  none  given,  standard 
' fig_no*  used 
% 

%  cflag:  flag  indiating  line  type  for  graph 
clear  global  f inal_mon_rcs 

global  mrcs  final_mon_rcs  fig__no  mmono_rcs_in_buf f er 

desired_target  =  input ( 'Object :  ',  ’s'); 
chosen_mon_rf  =  input (' Specify  RF:  ' ); 

start_angle  =  input (' Specif y  start  angle  (0-180  deg):  '); 
end_angle  =  input (' Specif y  end  angle  (0-180  deg):  '  ); 
plot_num  =  input (' Figure  number:  '); 
cflag  =  input ('Line  color:  ',  ’s'); 

mon_rfs  =  [6.0023:0.01:18.0023]; 
mon_angles  =  [0.00000:0.50000:180.00000]; 

chosen_angles  =  [start_angle: 0 . 500000 : end_angle] ; 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  if 
necessary 

valid_id  =0; 
while  (valid_id  1) 

if  (desired_target  ==  'C'  |  desired_target  ==  'D' 1  desired_target  ==  'E') 
if  ( [size (mrcs, 1)  ~=  0]  &  [mmono_rcs_in_buf fer  ==  desired_target] ) 
break; 

elseif  (desired_target  ==  ’ C ' ) 

disp ( 'Loading  Object  C  monostatic  data  (MRC) ...'); 
mrcs  =  load_c; 

disp (’ Finished  loading  Object  C  data...'); 
mmono_rcs_in__buffer  =  desired_target; 
valid_id  =1; 

elseif  (desired_target  ==  'D') 


180 


disp ( 'Loading  Object  D  monostatic  data  (MRC) 
mrcs  =  load_d; 

disp (' Finished  loading  Object  D  data...')/ 
mmono_rcs_in_buf fer  =  desired_target; 
valid_id  =  1; 

elseif  (desired_target  --  'E') 

disp ( 'Loading  Object  E  monostatic  data  (MRC) 
mrcs  -  load_e; 

disp (' Finished  loading  Object  E  data...’); 
mmono_rcs_in_buffer  =  desired_target; 
valid_id  =1; 

end 

else 

disp ('Please  specify  valid  Object  ID:  C,D  or  E.\n'); 
desired_target  =  input  ( 'Object :  ',  ’s'); 

end 

end 


mesgl  =  'Finding  MRC  measured  bistatic  RCS  at 
mesg2  =  '  GHz . . . ' ; 

mesg  =  cat (2,mesgl,num2str (chosen_mon_rf ) ,mesg2) ; 
disp (mesg) ; 


%  Find  final  res  matrix 

[y,mon_rf_index]  =  min(abs  (mon_rfs-chosen_mon_rf ) ) ; 
[y,mon_start_angle_jlndex]  =  min(abs  (mon_angles-start_angle) )  ; 
[y,mon_end_angle_index]  -  min  (abs  (mon__angles-end_angle) )  ; 

mon_rf_index  =  mon_rf_index-l; 

mon_rcs  =  mrcs(mon_rf_index,:); 

final_mon_rcs ( : , 1)  -  repmat (chosen_mon_rf , 1, size (chos entangles, 2) ) '; 
f  inal __mon_rcs  ( : ,  2 )  =  chos entangles '  ; 

final_mon__rcs  ( : ,  3)  =  mon_rcs  (l,mon_start_angle_index:mon_end_angle_index)  ' ; 


%  Plot  generation 

if  (any  (plot_num)  ) 
figure (plot_num) 
else 

figure  (fig_no) 
f ig_no=fig_no+l; 

end 

plot  (f  inal_mon_rcs  ( : ,  2)  ,  final_mon_rcs  ( : ,  3) ,  cflag) ; 
hold  on; 

ylabel ( 'RCS  (dBsm) ' ) ; 

xlabel ( '  AZ  Look  Angle  (deg) ' ) ; 

grid  on; 

title ({[' Object  ' , desired_target,  '  :  MRC  Monostatic  Pattern  Cut:  V-Pol']})  ; 
fig_no  =  fig_no+l; 
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function  []  =  printt (figno) 

%  MATLAB  FUNCTION:  printt. m 

%  Usage:  printt 

%  Dependencies:  figure  number  which  will  be  printed  specified  by 

%  "figno";  output  filename  sans  extension 


% 

%  Function:  This  function  produces  postscript  and  tiff  format  images  of  the 
%  the  figure  referenced  by  the  "figno"  number. 


filename  -  input {' Filename  for  images:  1 ,'s'); 


figure (figno) ; 

eval ( [’print  -dtif fnocompression  /workspace/eigelr/ALL_DATA/PLOT_DATA/ ’ ,  filename, 

•.tif;’]>; 

eval ([’print  -dpsc  /workspace/eigelr/ALLJDATA/PLOT_DATA/ ’ ,  filename,  ’.ps;’]); 


%  MATLAB  SCRIPT:  splotmon.m 

%  Usage:  splotmon 

%  Dependencies  variaous  input  variables 

% 

%  Function:  Loads  all  Object  A  monostatic  RCS  &  phase  (HH  &  W-pol)  ,  RF,  and  azimuth 
%  position  angle  data  between  6.0023-18.0023  GHz  and  0-180  deg  azimuth  angle 

into  matrix  "srcs" 

% 

%  User  inputs: 

%  desired_target :  Object  ID  (C,  D  or  E)  for  which  the  monostatic  RCS  will  be  generated 
% 

%  plot_pol:  polarization  to  plot  (H  -  H-pol,  V  =  V-pol,  B  =  both  pols) 

% 

%  mmon_rf_start:  RF  to  plot  monostatic  data  for 
% 

%  start  angle:  Starting  azimuth  angle  (relative  to  flat  plate  surface  normal  at  0  deg) 
for  plot 
% 

%  end_angle:  Ending  azimuth  angle  for  plot 
% 

%  plot_num:  figure  number  to  which  data  will  be  plotted;  if  none  given,  standard 
’ fig_no’  used  * 

% 

%  cflagl:  flag  indiating  line  type  for  graph 
% 

%  cflag2:  flag  indiating  line  type  for  second  graph  if  both  pols  are  plotted 
clear 

global  fig_no  srcs  smon_rcs  smon_rfs  smon_angles  schosen_mon_rf  srcs_in_buf fer 
smon_datafile_in_buffer  sim_data_file 

desired_target  =  input ('Object:  's'); 

sim_data_file  =  input (* Sim  data  file:  ','s'); 
chosen_smon_rf  =  input (' Specif y  RF:  '); 

start_angle  =  input (' Specif y  start  angle  (0-180  deg):  '); 
end_angle  =  input (' Specify  end  angle  (0-180  deg):  '); 
plot_num  =  input (' Figure  number:  '); 
cf lag  =  input (’Line  color:  's'); 

smon_rfs  =  [6.002:0.01:18.002]; 

smon  angles  —  [0.00000:0.50000:180.00000]; 

chosen_angles  =  [start_angle: 0 .500000 :end_angle]; 


%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  h&v-pol 
data  if  necessary 
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valid_id  =0; 
while  (valid_id  ~=  1) 

if  (desired_target  ==  'A'  |  desired_target  ==  'C1  |  desired_target  ==  'D'| 

desired_target  -*=  *E') 

if  ( [size (srcs, 1)  ~=  0]  &  [srcs_in_buff er  ==  desired_target]  & 

[smon  dataf ile_in_buffer  ==  sim_data_file] ) 
break; 

elseif  (desired_target  ==  'A') 
srcs  =  loads__a; 

smon_datafile_jln_buf fer  =  sim_data_file; 
srcs_in_buf fer  =  desired_target; 
valid_id  =  1; 

elseif  (desired_target  ==  *C*) 
srcs  =  loads_c; 

smon  dataf ile_in_buf fer  =  sim_data_f ile; 
srcs~in_buf fer  »  desired_target; 
valid_id  =1; 

elseif  (desired_target  ==  'DM 
srcs  =  loads_d; 

smon_da  t  a  f  i  1  e_in_bu  f  f  e  r  =  sim_data_f ile; 
srcs_in_buf fer  =  desired_target; 
valid_id  =  1; 

elseif  {desired_target  ==  '  E') 
srcs  =  loads_e; 

smon  datafile_in_buf fer  =  sim_data_f ile; 
srcs_in_buffer  =  desired_target; 
valid_id  =1; 

end 

else 

disp{' Please  specify  valid  Object  ID:  C,D  or  E.\n'); 
desired_target  *  input (' Object :  's'); 

end 

end 


%  Find  final  res  matrix 
e  =  1; 

index_d  =  size (chosen_angles, 2) ; 
index_e  -  size  (srcs,  1) ; 
counter  =  0; 

final_srcs  =  zeros (index_d-l, 4 ) ; 
for  d  =  1: indexed 
counter  =0; 
while (counter  ~=  1) 

if  ( [abs (srcs (e, 1) -chosen_smon_rf )  <=  0.00001]  &  [abs (srcs (e, 3) -chos entangles  (1, d)  ) 
<=  0.00001] ) 

final_srcs (df 1)  =srcs(e,l); 
final_srcs (d,2)  =srcs(e,3); 
final_srcs (d, 3)  =  srcs (e, 4); 
final_srcs (d, 4 )  =  srcs (e, 7); 
counter  =1; 
e  =  e+1; 

else 

e  =  e+1; 

end 

end 

end 


%  Plot  generation 

if  (any (plot_num) ) 
figure (plot_num) 
else 

figure (fig_no) 
f i g_no= f i g_no + 1 ; 
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end 


plot  (chosen_angles,  final_srcs  ( : ,  3) ,  cflag) ; 
hold  on; 

y label ( 'RCS  (dBsm) 1 ) ; 
xlabeM'AZ  Look  Angle  (deg)'); 
grid  on; 

title ({[ 'Object  ' , desired_target, ' :  Monostatic  Waterline  (AZ)  Cut, W-Pol ' ] } ) ; 
fig_no  -  fig_no+l; 


%  MATLAB  FUNCTION:  splott.m 

%  Usage:  splott 

%  Dependencies  variaous  input  variables 

% 

%  Function:  Loads  all  Object  A,  C,  D,  or  E  true  bistatic  RCS,  RF,  and  azimuth 
%  position  angle  data  between  6-25,35  or  45  GHz  and  0-180  deg  azimuth  angle 

into  matrix  "strcs" 

% 

%  User  inputs: 

%  desired_target:  Object  ID  (A,C,D,  or  E)  for  which  the  true  bistatic  RCS  will  be 
generated 
% 

%  st_data_file:  should  be  of  the  form  " tbX_YY_mod . res "  where  X=a,c,d,e  & 

YY=00, 15, 30, 45, 60  which  contains 

%  pertinent  data  (6-25,30,35,45  GHz,  0-180  deg  azimuth  data,  All-pol 

% 

%  desired_strf :  Desired  rf  (8-25,30,35,45) 

% 

%  plot_pol:  polarization  to  plot  (H  -  H-pol,  V  =  V-pol,  B  =  both  pols) 

% 

%  desired_strf :  RF  to  plot  bistatic  data  for 
% 

%  start_angle:  Starting  azimuth  angle  (relative  to  flat  plate  surface  normal  at  0  deg) 
for  plot 
% 

%  end_angle:  Ending  azimuth  angle  for  plot 
% 

%  plot_num:  figure  number  to  which  data  will  be  plotted;  if  none  given,  standard 
'fig_no'  used 
% 

%  cflagl:  flag  indiating  line  type  for  graph 
% 

%  cflag2:  flag  indiating  line  type  for  second  graph  if  both  pols  are  plotted 
clear  global  final_strcs 

global  strcs  fig_no  final_strcs  strcs_in_buf fer  st_data_file 


%  The  following  variables  are  defined  above 

desired__target  =  input  (’ Object :  ',  's'); 

st_data_file  -  input (' Xpatch  data  file:  ',  's'); 

desired_strf  -  input (' Specify  RF:  '); 

plot_pol  =  input ('Plot  which  polarization?  (H,  V,  B=both) :  ',  's'); 

tx_illum_angle  =  input ('TX  illumunation  angle:  '); 

start_angle  -  input (' Starting  RX  position  angle:  '); 

end_angle  =  input ( 'Ending  RX  position  angle:  '); 

plot_num  -  input ( 'Figure  number:  '); 

cflagl  =  input ('Plot  line  1  type/color:  ',  's'); 

if(plot_pol  — —  ' B ' ) 

cflag2  *  input (’Plot  line  2  type/color::  ',  ’s'); 
end 


184 


%  Check  to  see  if  polarization  input  is  valid 

if  (plot _ pol  ==  »V’  I  plot_pol  ==  ,H' I  plot_pol  ==  'B') 

else 

dispC  Please  specify  valid  character  for  polarization  you  wish  to  plot.\n'); 
plot _ pol  -  input (* Plot  which  polarization?  (H,  V,  B=both) :  1 ,'s'); 

end 


chosen_st_angles  =  [start_angle: 1 . 0 : end_angle]  ; 

%  Check  to  see  if  proper  data  set  is  loaded  based  on  target  id  criteria;  load  h&v-pol 
data  if  necessary 

valid_id  =0; 
while  (valid_id  ~=  1) 

if  (desired_target  ==  'A’  |  desired_target  ==  *C'  I  desired_target  ==  ' D '  | 

desired_target  ==  'EM 

if  ( [size  (strcs, 1)  0]  &  strcmp (strcs_in_buf fer, desired_target)  & 

strcmp (st_data_file, stfile_in_buf fer) ) 
break; 
else 

mesgl  =  ’Loading  Object  ' ; 
mesg2  =  ’  bistatic  data  (Xpatch)...1; 
mesg3  =  'Finished  loading  Object 
mesg4  -  '  data. . . 1 ; 

mesgA  =  cat (2,mesgl, desired_target,mesg2) ; 

disp(mesgA); 

strcs  =  loadst; 

mesgB  =  cat (2,mesg3, desired_target,mesg4 ) ; 
disp(mesgB); 

strcs_in_buf fer  =  desired_target; 
stfile_in_buffer  =  st_data_f ile; 
valid_id  =  1; 

end 

else 

dispC  Please  specify  valid  Object  ID:  A,C,D,or  E.\n'); 
desired_target  =  input (' Object :  ’s'); 

end 

end 

mesgl  =  ’Finding  Xpatch  computed  bistatic  RCS  at  ' ; 

mesg2  -  *  GHz,  ' ; 

mesg3  =  '  TX  illumin.  angle'; 

mesg  =  cat (2,mesgl,num2str (desired_strf ) ,mesg2,  num2str  (tx__illum_angle) ,mesg3) ; 
disp(mesg); 

%  Find  final  res  matrix 
e  =  1; 

index_d  =  size (chosen_st_angles, 2) ; 
index_e  =  size  (strcs, 1) ; 
counter  =0; 

final_strcs  =  zeros (index_d-l, 4 ) ; 
for  d  =  l:index_d-l 
counter  =0; 
while (counter  ~=  1) 

if  ( [abs  (strcs  (e, 1) -desiredjstrf )  <=  0.00001]  &  [abs(strcs(e,3)~ 
chosen_st_angles (l,d) )  <=  0.000013) 

f inal_strcs (d, 1)  =  strcs (e,l); 
final_strcs (d, 2)  =  strcs (e, 3); 
final_strcs (d, 3)  =  strcs (e, 4); 
final_strcs (d, 4)  =  strcs (e, 7); 

final_strcs (d, 5)  =  sqrt (10. A <final_strcs (d,  3) . /20) ) ;  %  V-pol  RCS  field 

amplitude  (straight  units) 
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%  H-pol  RCS  field 


final_strcs (d, 6)  =  sqrt (10 . A (final_strcs (d, 4 )  .720) ) ; 
amplitude  (straight  units) 
counter  =1; 
e  =  e+1; 

else 

e  *  e+1; 

end 

end 

end 


%  Plot  generation 

if  (any (plot_num)  ) 
figure (plot_num) 
else 

f igure (fig_no) 
f  ig__no=f  ig_no+l ; 

end 

switch  plot_pol 
case  'V' 

plot  (final_strcs ( : ,2) , final_strcs (1,3),  cflagl) ; 
hold  on; 

ylabel ( 1 RCS  (dBsm) ’ ) ; 

xlabel ('Rx  Look  Angle  (deg)'); 

grid  on; 

title ( { E 'Object  ' , desired_target, ' :  Bistatic  Pattern  Cut:  W-Pol,  ', 
num2str (desired_strf ) ,  ' .  0  GHz ' ] } ) ; 
case  'H' 

plot ( finales trcs ( : ,2) , finalist res ( : ,  4) ,  cflagl) ; 
hold  on; 

ylabel {' RCS  (dBsm)’); 

xlabel ( ’Rx  Look  Angle  (deg) ' ) ; 

grid  on; 

title ({[ 'Object  1 , desired_target, ' :  True  Bistatic  Pattern  Cut:  HH-Pol, 
num2str (desired_strf ) , 1 . 0  GHz')}); 
case  'B' 

plot (final_strcs ( : , 2) , final_strcs ( : ,  3) ,  cflagl); 
hold  on; 

plot (final_strcs ( : , 2) , final_strcs ( : , 4) ,  cflag2) 

ylabel ('RCS  (dBsm) ' ) ; 

xlabel ('Rx  Look  Angle  (deg)'); 

grid  on; 

title ({[ 'Object  ' , desired_target, ' :  True  Bistatic  Pattern  Cut:  W  &  HH-Pol, 
num2str (desired_strf ) , ' . 0  GHz']}); 
end 

fig_no  =  fig_no+l; 
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